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1. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the patent application U.S. Serial No. 09/946,374 recorded January 8, 2002, at 
Reel 012288 and Frame 0504. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to antibodies that bind a 
polypeptide referred to herein as "PRO1303 " A related patent application, U.S. Serial No. 
10/006,856, filed December 6, 2001 (containing claims directed to the PRO1303 polypeptide), is 
also under final rejection from the same Examiner and based upon the same outstanding 
rejection, and appeal of this final rejection is being pursued independently and concurrently 
herewith. 

3. STATUS OF CLAIMS 

Claims 28-32 are in this application. 
Claims 1-27 and 33 are canceled. 

Claims 28-32 stand rejected and Appellants appeal the rejection of these claims. 
A copy of the rejected claims involved in the present Appeal is provided in the Claims 
Appendix. 

4. STATUS OF AMENDMENTS 

There were no amendments submitted after final rejection. All previous amendments 
have been entered. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application concerns an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO: 194 (Claim 28). The invention further 
provides monoclonal antibodies (Claim 29), humanized antibodies (Claim 30), antibody 
fragments (Claim 31), and labeled antibodies (Claim 32) that specifically bind to the polypeptide 
ofSEQIDNO:194. 
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Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, pages 372-380. The preparation of antibodies is described in Example 
132, while Example 133 describes the use of the antibodies for purifying the polypeptides to 
which they bind. Isolated antibodies are defined in the specification at page 311, lines 30-39. 
Support for monoclonal antibodies is found in the specification at, for example, page 373, line 6, 
to page 374, line 25, and Example 132. Support for humanized antibodies is found in the 
specification at, for example, page 374, line 27, to page 375, line 27. Support for antibody 
fragments is found in the specification at, for example, page 310, line 31, to page 311, line 29, 
and page 376, line 19, to page 377, line 7. Support for labeled antibodies is found in the 
specification at, for example, page 312, lines 1-4, and page 380, lines 5-13. 

The polypeptide of SEQ ID NO: 194 is designated PRO1303, and its amino acid sequence 
is shown in Figure 108, while the encoding nucleic acid sequence (SEQ ID NO: 193) is shown in 
Figure 107. The isolation of cDNA clones encoding PRO1303 of SEQ ID NO:194 is described 
in Example 57. Examples 128-131 describe the expression of PRO polypeptides in various host 
cells, including E. coli 9 mammalian cells, yeast and Baculovirus-infected insect cells. Example 
149, in the specification at page 511, line 34, to page 512, line 10, sets forth an Adipocyte 
Glucose/FFA Uptake assay which shows that PRO 1303 is a stimulator of glucose/FFA uptake in 
adipocyte cells (see page 512, lines 7-8). Finally, Example 143, in the specification at page 494, 
line 20, to page 508, line 28, sets forth a Gene Amplification assay which shows that the 
PRO 13 03 gene is amplified in the genome of certain human lung and colon cancers (Table 8; 
page 507, lines 14-21). 

The specification discloses that antibodies to PRO polypeptides may be used, for 
example, in purification of PRO (page 380, lines 15-21 and Example 133), in diagnostic assays 
for PRO expression (page 363, line 31, to page 364, line 3, and page 380, lines 2-13), as 
antagonists to PRO (page 371, lines 27-30), and as elements of pharmaceutical compositions for 
the treatment of various disorders (page 379, lines 1-37). 
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6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Whether Claims 28-32 satisfy the utility requirement of 35 U.S.C. § 1 01 . 
n. Whether Claims 28-32 satisfy the enablement requirement of 35 U.S.C. § 1 12, first 
paragraph. 

m. Whether Claims 28-32 are patentable under 35 U.S.C. 102(e) over Ni et al, U.S. 
Patent No. 6,566,498. 

7. ARGUMENT 
Summary of the Arguments 

Issue I; Utility 

Patentable utility of the PRO1303 polypeptide and the claimed antibodies that bind it is 
based upon the results of the adipocyte glucose/FFA uptake assay for the PRO1303 polypeptide. 
The specification discloses that the adipocyte glucose/FFA uptake assay is designed to determine 
whether a polypeptide is capable of modulating, either positively or negatively, the uptake of 
glucose or free fatty acids in adipocyte cells. By making such determinations, the assay identifies 
polypeptides that are expected to be useful for treating disorders wherein stimulation or 
inhibition of glucose uptake by adipocytes is expected to be therapeutically effective, for 
example, diabetes, and hyper- or hypo-insulinemia. 

The glucose/FFA uptake assay as described in Example 149 of the instant application was 
well known in the art at the time of the effective filing date of the instant application. As 
demonstrated by the references of record, similar assays were commonly used to identify 
potential anti-diabetic agents. 

The Examiner has asserted that stimulation of glucose and/or FFA uptake is actually 
"three very different activities" and that "it is unclear how increasing uptake of FFA into 
adipocytes would treat obesity (or thus diabetes)." (Page 8 of the Office Action mailed April 4, 
2005). In fact, the references cited by the Examiner support Appellants' position that decreasing 
circulating FFA levels is beneficial in the treatment of disorders such as diabetes and obesity. 

The Examiner has also questioned the statistical significance of the observed results. 
Appellants note that the evidentiary standard to be used throughout ex parte examination in 
setting forth a rejection is a preponderance of the totality of the evidence under consideration. 
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Thus, to overcome the presumption of truth that an assertion of utility by the applicant enjoys, the % 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima facie 
showing of lack of utility, does the burden of rebuttal shift to the applicant. Therefore, the legal 
standard for patentable utility is not absolute certainty. Clear evidence supports the glucose/FFA 
uptake inhibition activity of PRO1303. The Examiner has provided no evidence to demonstrate 
that it more likely than not that one of skill in the art would doubt the truth of this asserted utility 
of PRO 1303 as an inhibitor of glucose/FFA uptake. 

The Examiner has further asserted that "the specification does not actually describe 
whether PRO1303 actually increases glucose uptake because the assay results were set forth as 
being positive for glucose and/or FFA uptake" and that "the applicant fails to show that uptake of 
FFA is a hallmark of therapeutically effective agents to treat the indicated diseases." (Page 16 of 
the Office Action mailed October 4, 2005). 

It is known in the art that FFA levels regulate glucose uptake by adipocytes. Thus, even 
if the actual mechanistic effect of PRO1303 is only to directly increase FFA uptake by adipocyte 
cells, this will necessarily result in indirectly increasing glucose uptake by adipocytes. 
Furthermore, agents which are well known in the art as useful in the treatment of diabetes, such 
as the thiazolidenediones, have been shown to exert their effects, at least in part, through the 
increase of FFA uptake by adipocytes. Accordingly, an agent which increases FFA uptake by 
adipocytes has the same utility in the treatment of disease as those recognized by the Examiner 
for agents which increase glucose uptake. 

While Appellants are required to demonstrate only a single patentable utility for their 
claimed invention, Appellants submit that patentable utility of the PRO1303 polypeptide and the 
claimed antibodies that bind it is also based upon the gene amplification data for the gene 
encoding the PRO 13 03 polypeptide. The specification discloses that the gene encoding 
PRO 1303 showed significant amplification, ranging from 2.19 to 2.68 , in five differen t lung and 
colon tumors . Appellants have submitted, with their Response filed July 5, 2005, the Declaration 
of Dr. Audrey Goddard, which explains that a gene identified as being amplified at least 2-fold 
by the disclosed gene amplification assay in a tumor sample relative to a normal sample is useful 
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as a marker for the diagnosis of cancer, for monitoring cancer development and/or for measuring 
the efficacy of cancer therapy. 

The Examiner has asserted that that the gene amplification data discussed above does not 
provide utility for PRO1303 because "[increased copy number of DNA in a cancer or 
transformed cell does not necessarily result in an increased level of expression of the 
polypeptide." (Pages 5-6 of the Office Action mailed October 4, 2005). In support of this 
assertion the Examiner has cited references by Pennica et al and Konopka et al The references 
cited by the Examiner do not suffice to make a prima facie case that more likely than not no 
generalized correlation exists between gene (DNA) amplification and increased polypeptide 
levels. 

In contrast, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al (made of 
record in Appellants* Response filed July 5, 2005) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, 
principal investigator of the Tumor Antigen Project of Genentech, Inc., the assignee of the 
present application, shows that, in general, there is a correlation between mRNA levels and 
polypeptide levels . Therefore, one of skill in the art would reasonably expect in this instance, 
based on the amplification data for the PRO1303 gene, that the PRO1303 polypeptide is 
concomitantly overexpressed. Thus, the PRO 1303 polypeptide and the claimed antibodies that 
bind it have utility in the diagnosis of cancer. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PRO1303 antibodies. 

Issue II: Enablement 

Claims 28-32 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention." (Page 1 1 of the Office Action mailed April 5, 2005). 
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As described above, the PRO 1303 polypeptide and the claimed antibodies that bind it 
have utility both in the treatment of disorders for which modulation of glucose uptake by 
adipocytes would be beneficial, such as obesity, diabetes, and hyper- or hypo-insulinemia, and in 
the diagnosis of cancer. Based on such utilities, one of skill in the art would know exactly how 
to use the claimed antibodies without any undue experimentation. 

Issue III: Anticipation bv Ni et al., U.S. Patent No. 6,566,498 

Claims 28-32 stand rejected under 35 U.S.C. §102(e) as allegedly being anticipated by Ni 
et al (U.S. Patent No. 6,566,498, effective filing date of February 6, 1998). Ni et al teach an 
isolated human secreted polypeptide consisting of SEQ ID NO:6, which has two regions of 100% 
identity to SEQ ID NO: 194, one region of 62 amino acids at the N-terminus, and one of 93 
amino acids at the C-terminus of SEQ ID NO: 194. The Examiner has asserted that "many of the 
antibodies taught by the reference which are directed against the protein of SEQ ID NO: 6 would 
strongly cross-react with and specifically bind to the polypeptide of SEQ ID NO: 1 94." (Page 1 8 
of the Office Action mailed October 4, 2005). 

Claim 28, and consequently, those claims dependent from Claim 28, recites "an antibody 
that specifically binds to the polypeptide of SEQ ID NO: 194." Therefore, Claim 28 and the 
claims dependent from Claim 28, carrying its recitations, clearly refer to an antibody that is able 
to bind to a specific epitope of the PRO1303 polypeptide without cross reacting with another 
epitope, including those found in the sequence disclosed in Ni et al As a result of the 
requirement of specific binding, the claims pending in this application do not encompass 
antibodies that specifically bind to epitopes found in the polypeptide of Ni et al. 

SEQ ID NO: 194 contains a 93 amino acid region in the middle of the protein that is not 
present in SEQ ID NO:6 of Ni et a/., and is large enough to comprise an independent folding 
domain having numerous epitopes not found in the protein of Ni et al Accordingly, one of 
ordinary skill in the art would readily understand what is meant by antibodies which specifically 
bind to SEQ ID NO: 194 (and not, for example, to the polypeptide of Ni et al). Based upon the 
disclosure in the specification and in the art at the time of filing, the skilled artisan would also 
readily understand how to make such antibodies. 

These arguments are all discussed in further detail below under the appropriate headings. 
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ISSUE I: Claims 28-32 satisfy the utility requirement of 35 U.S.C SiOl 

Claims 28-32 stand rejected under 35 U.S.C. §101 because allegedly "the claimed 
invention is not supported by either a specific and substantial asserted utility or a well- 
established utility." (Page 2 of the Office Action mailed October 4, 2005). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the PRO1303 polypeptide and the 
claimed antibodies that bind it. 

A. The Legal Standard for Utility 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added). 

In interpreting the utility requirement, in Brenner v. MansonJ the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." 2 The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 

Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may not 
establish a specific therapeutic use. The court held that "since it is crucial to provide researchers 
with an incentive to disclose pharmaceutical activities in as many compounds as possible, we 
conclude adequate proof of any such activity constitutes a showing of practical utility." 5 

1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id at 856, 206 U.S.P.Q. (BNA) at 883. 
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In Cross v. Iizuka, 6 the C .A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between/' 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility." 8 

The case law has also clearly established that applicants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that applicants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in the 

1112 

art to question the objective truth of the statement of utility or its scope." ' 

Compliance with 35 U.S.C. §101 is a question of fact. 13 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 



6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. . 

11 In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Jolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In re Sichert, 566 F.2d 1 154, 1 159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 
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Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when it 
is particular to the subject matter claimed. For example, it is generally not enough to state that a 
nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the public" 
or similar formulations used in certain court decisions to mean that products or services based on 
the claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement, 17 gives the following instruction to patent examiners: 
"If the applicant has asserted that the claimed invention is useful for any particular practical 
purpose . . . and the assertion would be considered credible by a person of ordinary skill in the 
art, do not impose a rejection based on lack of utility." 



15 66 Fed. Reg. 1092(2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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B. The results of the adipocyte glucose/FFA uptake assay provide utility for the 
PRO1303 polypeptide 

Appellants respectfully submit that they rely in part on the adipocyte glucose/FFA uptake 
assay) for patentable utility of the PRO1303 polypeptide and the claimed antibodies that bind it, 
and that the adipocyte glucose/FFA uptake assay data for the PRO 1303 polypeptide is clearly 
disclosed in the instant specification under Example 149. 

The adipocyte glucose/FFA uptake assay is designed to determine whether a polypeptide 
is capable of modulating, either positively or negatively, the uptake of glucose or free fatty acids 
in adipocyte cells. By making such determinations, the assay identifies polypeptides that are 
expected to be useful for treating disorders wherein stimulation or inhibition of glucose uptake 
by adipocytes is expected to be therapeutically effective. Examples of these types of disorders 
include obesity, diabetes, and hyper- or hypo-insulinemia. 

The adipocyte glucose/FFA assay is performed as follows: primary rat adipocyte cells are 
plated on a 96 well plate and incubated overnight with media supplemented with PRO 13 03 
polypeptide. After the initial overnight incubation, samples of the media are taken at hour 4 and 
hour 16 and residual glycerol, glucose and FFA are measured. After the hour 16 sample is taken, 
insulin is added to the media and the adipocytes are allowed to incubate for an additional 4 hours. 
After this final 4 hour incubation, another sample is taken and residual glycerol, glucose and 
FFA is measured again. As a control, identical incubations and samplings are performed on cells 
that have been incubated overnight in media initially supplemented with insulin rather than 
PRO1303 polypeptide. Results are scored as positive in the assay if the uptake is greater than 1.5 
times (stimulatory) or less than 0.5 times (inhibitory) the uptake of the insulin control. As 
PRO1303 resulted in more than 1.5 times the uptake of the insulin control, PRO 13 03 tested 
positive as a stimulator of glucose/FFA uptake in adipocyte cells . 

The glucose/FFA uptake assay as described in Example 149 of the instant application was 
also well known in the art at the time of the effective filing date of the instant application. 
Similar assays were commonly used to identify potential anti-diabetic agents and to study the 
regulatory mechanisms of important molecules involved in fat cell metabolism. 

For example, at the time of the effective filing date of the instant application, it was well 
known in the art that increasing glucose uptake by adipocyte cells is a hallmark of a number of 
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therapeutically effective agents, such as troglitazone and pioglitazone. (Tafiiri, Endocrinology, 
137(11): 4706-4712 (1996); Sandouk, etal, Endocrinology, 133(l):352-359 (1993) - copies 
enclosed). Both troglitazone and pioglitazone are members of the thiazolidinedione class of 
compounds and have been used to effectively treat noninusulin-dependent diabetes mellitus 
. (NIDDM), the most common form of diabetes. Both compounds function, at least in part, by 
increasing the number of cellular glucose transporters in order to facilitate increased glucose 
uptake. 

Further, at the time of the effective filing date of the instant application, vanadium salts 
were considered as a possible treatment for diabetes, and several clinical trials had already been 
performed. (Page 26617, right column, Goldwaser et aL, J. Biol Chem., 274(37):26617-26624 
(1999) - copy enclosed). Using a rat adipocyte culture system similar to the system disclosed in 
the instant application, Goldwaser et aL, showed that vanadium ligand 1-Glu (y)HXM potentiates 
the capacity of free vanadium ions to activate glucose uptake and glucose metabolism in rat 
adipocytes in vitro by 4-5 folds and to lower blood glucose levels in hyperglycemic rats in vivo 
by 5-7 fold. This is further evidence that at the effective filing date of the present application one 
skilled in the art would have reasonably expected that molecules activating glucose uptake would 
find utility in the treatment of diabetes and related diseases. 

In addition, the investigators in Mueller et aL, who were interested in determining the 
influence of glucose uptake on leptin secretion, employed essentially the same assay to measure 
changes in glucose uptake after insulin exposure. (Mueller et aL, Endocrinology, 139(2): 551- 
558 (1998) - copy enclosed). Figure 1A shows the glucose concentrations in medium from 0-96 
hours from isolated rat adipocytes in primary culture with various insulin concentrations. As 
indicated by the decrease in glucose in the medium in the Figure, Mueller et aL suggest that 
insulin produced a concentration-dependent increase in glucose uptake by the cultured 
adipocytes. Based on these experimental results, the authors stated that insulin increased leptin 
secretion over 96 hours, and that the increase in leptin was closely related to the amount of 
glucose taken up by the adipocytes than to the insulin concentration, suggesting a role for glucose 
transport and/or metabolism in regulating leptin secretion. (See Abstract). 

Using the same assay system, Mueller et aL further studied the effect on leptin secretion 
of two well-known anti-diabetic agents, metformin and vanadium, which were known to enhance 
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glucose uptake. (Muller et aL, Obesity Research, 8(7): 530-539 (2000) - copy enclosed). The 
experimental data indicated that both metformin and vanadium increased glucose uptake and 
inhibit leptin secretion from cultured adipocytes. 

Accordingly, Appellants respectfully submit that at the effective filing date of the instant 
application, one of skill in the art would have reasonably accepted that various compounds, such 
as PRO1303, that are capable of modulating glucose uptake have a substantial, practical, real life 
utility. The above-mentioned studies have clearly established that the glucose/FFA uptake assay 
as described in the instant application is a reliable assay system to identify therapeutic agents for 
treating diseases and conditions such as obesity, diabetes, and hyperinsulinemia. Therefore, 
Appellants respectfully submit that a variety of real-life utilities, such as treatments for glucose 
uptake related diseases, including obesity and diabetes, are envisioned for PRO1303 based on the 
glucose/FFA uptake assay results disclosed herein. 

1. A prima facie case of lack of utility has not been established 
The Examiner has asserted that "the specification does not indicate which asserted 
utilities correspond specifically to glucose uptake stimulation as opposed to glucose uptake 
inhibition." (Page 7 of the Office Action mailed October 4, 2005). As discussed above, it was 
known in the art at the time of filing that agents which increased glucose uptake, such as 
troglitazone and pioglitazone, were useful in the treatment of diabetes. Treatment with vanadium 
salts, another agent which increased glucose uptake, was shown to lower glucose levels in 
hyperglycemic rats. Diabetes, hyperglycemia, and obesity were know at the time of filing to be 
closely linked conditions (see, for example, Sandouk, page 352). Thus one of skill in the art 
would have understood that stimulators of glucose uptake would be useful in the treatment of 
diabetes, obesity, and hyperglycemia. 

The Examiner has asserted that "the specification does not indicate what, if any, of the . 
utilities set forth correspond to stimulation of FFA uptake." (Page 7 of the Office Action mailed 
October 4, 2005). The Examiner has further asserted that stimulation of glucose and/or FFA 
uptake is actually "three very different activities (stimulation of glucose uptake only, stimulation 
of FFA uptake only, and stimulation of uptake of both)." (Pages 7-8 of the Office Action mailed 
October 4, 2005). Appellants respectfully point out that it was well known in the art at the time 
of filing that both glucose and FFA levels were associated with diabetes/hyperinsulinemia. See, 
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for example, the discussion below of Fabris et al, cited by the Examiner. Stimulation of uptake 
of either or both of glucose and FFA are not "very different activities" but closely related 
activities. Accordingly, it is not necessary to specify which utilities correspond to FFA uptake 
versus glucose uptake, as the utilities are the same . 

The Examiner has asserted that "it is unclear how increasing uptake of FFA into 
adipocytes would treat obesity (or thus diabetes)." (Page 8 of the Office Action mailed October 
4, 2005). The Examiner cites Fabris et al as teaching that "FFA-induced insulin resistance saves 
scarce glucose for central nervous system requirements, but this becomes counterproductive in 
obesity because it inhibits glucose utilization when there is no need to save it." (Page 8 of the 
Office Action mailed October 4, 2005). Appellants respectfully direct the Board's attention to 
the later discussion in Fabris et al, where the authors make clear that FFA-induced insulin 
resistance is a result of high circulating FFA levels (page 604, col. 2). As the portion of Fabris et 
al cited by the Examiner explains, this resistance leads to less utilization of glucose, which 
contributes to the development of obesity or diabetes. Thus Fabris et al supports Appellants' 
assertion that decreasing circulating FFA levels, by increasing FFA uptake into adipocytes, will 
run counter to this trend and help in the treatment of obesity or diabetes. In addition, the 
reference by Santomauro et al, cited by the Examiner, confirms that "lowering of elevated 
plasma FFA levels can reduce insulin resistance/hyperinsulinemia and improve oral glucose 
tolerance in lean and obese nondiabetic subjects and in obese patients with type 2 diabetes" 
(Abstract). 

The Examiner has further asserted that "the observed differences do not appear to be 
statistically significant, and the cutoff points appear to be arbitrary and there is no scientific basis 
for them." (Page 8 of the Office Action mailed October 4, 2005). In support of this assertion, 
the Examiner cites Santomauro et al Santomauro et al teach that 56.5% decreases in FFA 
levels are statistically significant and correlated with physiological improvement. The Examiner 
has stated that "it is not clear whether 50% decreases are useful." (Page 9 of the Office Action 
mailed October 4, 2005). Appellants respectfully submit that the difference between 56.5% and 
50% is not large. Appellants further respectfully point out that the treatments in Santamauro et 
al resulted in lowering FFA levels to below normal. One of skill in the art would expect that 
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lowering FFA levels to only normal levels (requiring a decrease of only 41-44%) would also be 
useful. 

The Examiner has further stated that "the observation that 56.5% decreases in circulating 
FFAs is significant and correlated with physiological improvements does not mean that a 
doubling of uptake of FFAs by adipocytes will lead to the same decreases in FFAs." (Page 9 of 
the Office Action mailed October 4, 2005). Appellants respectfully note that no evidence is 
provided for this assertion. To the contrary, the art indicates that in vitro uptake experiments 
with rat adipocytes actually underpredict the effects of treatment in vivo. For example, 
Goldwaser et ah demonstrated that vanadium ions increased glucose uptake in rat adipocytes in 
vitro by 4-5 fold, but lowered blood glucose levels in hyperglycemic rats in vivo by 5-7 fold (see 
Abstract). 

Finally, Appellants respectfully point out that the standard for utility is not absolute 
certainty, but more likely than not. As discussed above, at the time of the effective filing date of 
the instant application, it was well known in the art that increasing glucose uptake by adipocyte 
cells is a hallmark of a number of therapeutically effective agents, such as troglitazone and 
pioglitazone. The art has also shown that agents which decrease circulating FFA levels are also 
useful in the treatment of disorders such as diabetes, hyperglycemia, and obesity. One of 
ordinary skill in the art would therefore find it more likely than not that an agent which increases 
uptake of glucose and/or FFA by adipocytes would also be useful in the treatment of disorders 
such as diabetes, hyperglycemia, and obesity. Accordingly, since the standard is not absolute 
certainty, a prima facie showing of lack of utility has not been made in this instance and the 
burden to provide further evidence of utility has not shifted to Appellants. 

2. The asserted utilities apply to both glucose and FFA uptake 
The Examiner has asserted that "the specification does not actually describe whether 
PRO 13 03 actually increases glucose uptake because the assay results were set forth as being 
positive for glucose and/or FFA uptake. If PRO1303 was positive for only FFA uptake, then the 
arguments concerning utility based on glucose uptake are not persuasive." (Page 16 of the Office 
Action mailed October 4, 2005). 

Appellants respectfully point out that it was well known in the art at the time of filing that 
both glucose and FFA levels were associated with diabetes, obesity, and hyperinsulinemia. In 
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fact, FFA levels are one of the factors which regulate glucose uptake. As discussed above, Fabris 
et al (made of record by the Examiner in the Office Action mailed April 4, 2005) explains that 
high circulating FFA levels lead to FFA-induced insulin resistance (page 604, col. 2). This 
resistance leads to less utilization of glucose, which contributes to the development of obesity or 
diabetes. Santomauro et al (made of record by the Examiner in the Office Action mailed April 
4, 2005) demonstrated that lowering plasma FFA levels increases insulin sensitivity, and thus 
increases glucose uptake in response to insulin. 

The Examiner has asserted that "the applicant fails to show that uptake of FFA is a 
hallmark of therapeutically effective agents to treat the indicated diseases." (Page 16 of the 
Office Action mailed October 4, 2005). In fact, the reference by Santomauro et al, cited by the 
Examiner in the previous Office Action, confirms that "lowering of elevated plasma FFA levels 
can reduce insulin resistance/hyperinsulinemia and improve oral glucose tolerance in lean and 
obese nondiabetic subjects and in obese patients with type 2 diabetes" (Abstract). Thus it is clear 
that agents which decrease circulating FFA levels are effective in the treatment of diseases such 
as obesity and diabetes. 

It was further known in the art at the time of filing that antidiabetic agents such as the 
thiazolidinediones (including troglitazone and pioglitazone) discussed above as agents which 
increase glucose uptake, also increase FFA uptake bv adipocytes . For example, Frohnert et al (J. 
Biol. Chem. 272:3970-3977 (1999); submitted with Appellants' Response filed November 29, 
2005) found that troglitazone stimulates increased expression of fatty acid transport protein 
(FATP) in adipocytes by 3-fold (page 3974, col. 1; Fig. 5). Troglitazone was also found to 
significantly increase uptake of fatty acids by adipocytes (page 3974, col. 2 and Fig. 8). The 
authors conclude that the antidiabetic effects of troglitazone may be due to improved fatty acid 
uptake by adipocytes (page 3976, col. 2). Similarly, Martin et al (J. Biol. Chem. 272:28210- 
28217 (1997); submitted with Appellants' Response filed November 29, 2005) found that the 
antidiabetic thiazolidinedione BRL 49653 "resulted in a significant induction of adipose tissue 
FATP (7-fold) . . . mRNA levels" (page 28213, col. 2). The induction of FATP mRNA also 
resulted in increased FFA uptake into adipocytes (page 28214, col. 2). The authors conclude that 
"thiazolidinedione antidiabetic agents seem to favor adipocyte-specific FA uptake relative to 
muscle, perhaps underlying in part the beneficial effects of these agents on insulin-mediated 
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glucose dispersal" (Abstract). Thus the art at the time of filing demonstrated that agents which 
increased FFA uptake by adipocytes were useful in the treatment of diabetes . 

The Examiner has asserted that "there is still no indication that compounds in the art 
which increase uptake of FFA alone (not increasing glucose uptake) are effective for the 
treatment of any particular disease." (Page 17 of the Office Action mailed October 4, 2005). 

As discussed above, circulating FFA levels regulate glucose uptake by adipocytes. Thus, 
even if the actual mechanistic effect of PRO 1303 is only to directly increase FFA uptake by 
adipocyte cells, this will necessarily result in indirectly increasing glucose uptake by adipocytes. 
The effect of FFA levels on glucose uptake has been clearly demonstrated in the references 
previously cited by the Examiner. Furthermore, agents which are well known in the art as useful 
in the treatment of diabetes, such as the thiazolidenediones, have been shown to exert their 
effects, at least in part, through the increase of FFA uptake by adipocytes. Accordingly, an agent 
which increases FFA uptake by adipocytes has the same utility in the treatment of disease as 
those recognized by the Examiner for agents which increase glucose uptake. 

Based on the above arguments, Appellants have clearly demonstrated a credible, specific 
and substantial asserted utility for the PRO1303 polypeptide, for example in the treatment of 
disorders such as obesity, diabetes, and hyper- or hypo-insulinemia. Further, based on this utility 
and the disclosure in the specification, one skilled in the art at the time the application was filed 
would know how to use the PRO 1303 polypeptide and the claimed antibodies that bind it. 

C. The results of the gene amplification assay also provide utility for the 
PRO1303 polypeptide and the claimed antibodies that bind it 

Appellants respectfully note that they are required to disclose only a singl e patentable 
utility for their claimed invention. Nonetheless, in addition to the utilities discussed above in the 
treatment of disorders such as obesity, diabetes, and hyper- or hypo-insulinemia, Appellants 
further respectfully submit that the gene amplification data also demonstrates patentable utility 
for the PRO1303 polypeptide and the claimed antibodies that bind it. The gene amplification 
data for the gene encoding the PRO1303 polypeptide is clearly disclosed in the instant 
specification under Example 143. 

It was well known in the art at the time the invention was made that gene amplification is 
an essential mechanism for oncogene activation. The gene amplification assay is well-described 
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in Example 143 of the present application. Example 143 discloses that the inventors isolated 
genomic DNA from a variety of primary cancers and cancer cell lines that are listed in Table 8, 
including primary lung and colon tumors of the type and stage indicated in Table 7. As a 
negative control, DNA was isolated from the cells often normal healthy individuals, which was 
pooled and used as a control. Gene amplification was monitored using real-time quantitative 
TaqMan™ PCR. Table 8 shows the resulting gene amplification data. Further, Example 143 
explains that the results of TaqMan™ PCR are reported in ACt units, wherein one unit 
corresponds to one PCR cycle or approximately a 2-fold amplification relative to control, two 
units correspond to 4-fold amplification, 3 units to 8-fold amplification etc. 

The specification discloses that the nucleic acids encoding PRO 1303 had ACt value of > 
1 .0, which is a more than 2-fold increase, for primary lung tumors LT13, LT15, LT16; for lung 
cell line A549; and for the primary colon tumor CT16. PRO1303 showed approximately 1 .13 to 
1.42 ACt units which corresponds to 2 1 13 to 2 1 ' 42 - fold amplification or 2.19 to 2.68 fold 
amplification in primary lung tumors LT13, LT15, LT16; for lung cell line A549; and for the 
primary colon tumor CT16. (See Table 8 of the specification). Accordingly, the present 
specification clearly discloses strong evidence that the gene encoding the PRO 13 03 polypeptide 
is significantly amplified in a number of lung and colon tumors. 

In further support, Appellants have submitted, in their Response filed July 5, 2005, a 

Declaration by Dr. Audrey Goddard. Appellants particularly draw the Board's attention to page 

3 of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy 
number in the tumor sample relative to the normal sample serves as a basis for 
using relative gene copy number as quantitated by the TaqMan PCR technique 
as a diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 
2-fold by the quantitative TaqMan PCR assay in a tumor sample relative to a 
normal sample is useful as a marker for the diagnosis of cancer, for 
monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. (Emphasis added). 

As indicated above, the gene encoding the PRO1303 polypeptide shows at least a two 
fold amplification in five different lung and colon tumors and tumor cell lines. In addition, the 
Goddard Declaration clearly establishes that the TaqMan real-time PCR method described in 
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Example 143 has gained wide recognition for its versatility, sensitivity and accuracy, and is in 
extensive use for the study of gene amplification. The facts disclosed in the Declaration also 
confirm that based upon the gene amplification results, one of ordinary skill would find it 
credible that the PRO1303 polypeptide and the claimed antibodies that bind it have utility in the 
diagnosis of cancer. 

1. A prima facie case of lack of utility has not been established 
The Examiner has asserted that although "the DNA encoding PRO1303 has diagnostic 
utility based upon these results, the PRO 1303 polypeptide (and thus the corresponding anti- 
PRO1303 antibody) does not." In particular, the Examiner has asserted that "increased copy 
number of DNA in a cancer or transformed cell does not necessarily result in an increased level 
of expression of the polypeptide." (Pages 5-6 of the Office Action mailed October 4, 2005). In 
support of this assertion the Examiner has cited references by Pennica et al and Konopka et al 
Appellants submit that Pennica et al does not show a lack of correlation between gene 
(DNA) amplification and mRNA levels. According to Pennica et a/., "WISP-1 gene 
amplification in human colon tumors showed a correlation between DNA amplification and over- 
expression, whereas overexpression of WISP-3 RNA was seen in the absence of DNA 
amplification. In contrast, WISP-2 DNA was amplified in colon tumors, but its mRNA 
expression was significantly reduced in the majority of tumors compared with expression in 
normal colonic mucosa from the same patient" (Abstract). From this, the Examiner correctly 
concludes that increased copy number does not necessarily result in increased polypeptide 
expression. The standard, however, is not absolute certainty. 

In fact, as noted even in Pennica et al, "[a]n analysis of WISP A gene amplification and 
expression in human colon tumors showed a correlation between DNA amplification and over- 
expression..." (Pennica et al, pagel4722, left column, first full paragraph, emphasis added). 
Thus the findings of Pennica et al with respect to WISP-1 support Appellants' arguments. In the 
case of WISP-3, the authors report that there was no change in the DNA copy number, but there 
was a change in mRNA levels. This apparent lack of correlation between DNA and mRNA 
levels is not contrary to Appellants' assertion that a change in DNA copy number generally leads 
to a change in mRNA level. Appellants are not attempting to predict the DNA copy number 
based on changes in mRNA level, and Appellants have not asserted that the only means for 
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changing the level of mRNA is to change the DNA copy number. Therefore a change in mRNA 
without a change in DNA copy number is not contrary to Appellants' assertions. 

The fact that the single WISP-2 gene did not show the expected correlation of gene 
amplification with the level of mRNA/protein expression does not establish that it is more likely 
than not, in general, that such correlation does not exist. The Examiner has not shown whether 
the lack or correlation observed for the WISP-2 gene is typical, or is merely a discrepancy, an 
exception to the rule of correlation . More importantly, the teaching of Pennica et al is specific 
to WISP genes. Pennica et al has no teaching whatsoever about the correlation of gene 
amplification and protein expression in general . 

Appellants next respectfully submit that, contrary to the PTO's assertions, Konopka et al 
supports Appellants' position that mRNA levels correlate with protein levels. Konopka et al 
states that "the 8-kb mRNA that encodes P210 c " abl was detected at a 10-fold higher level in SK- 
CML7bt-333 ( Fig. 3A, +) than in SK-CML16BM (B, +), which correlated with the relative 
level of P210 c " abl detected in each cell line. Analysis of additional cell lines demonstrated that 
the level of 8-kb mRNA directly correlated with the level of P210 c ' abl (Table 1)" (page 4050, 
col. 2, emphasis added). 

Nor does Konopka et al support the PTO's position that DNA amplification is not 
correlated with mRNA or protein overexpression . Konopka et al show only that, of the cell 
lines known to have increased abl protein expression, only one had amplification of the abl gene 
(page 4051, col. 1). This result proves only that increased mRNA and protein expression levels 
can result from causes other than gene amplification. Konopka et al do not demonstrate that 
when gene amplification does occur, it does not result in increased mRNA and protein 
expression levels, particularly given that the cell line with amplification of the abl gene did show 
increased abl mRNA and protein expression levels. 

In summary, Appellants respectfully submit that the Examiner has not shown that a 
change in gene expression level in tumor as compared to normal tissue is not correlated with a 
change in protein expression. Since, as discussed above, the standard is not absolute certainty, a 
prima facie showing of lack of utility has not been made in this instance. The Patent Office has 
failed to meet its initial burden of proof that Appellants' claims of utility are not substantial or 
credible. The arguments presented by the Examiner in combination with the Pennica et al and 
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Konopka et al articles do not provide sufficient reasons to doubt the statements by Appellants 
that PRO1303 has utility. The law does not require that gene amplification "necessarily" results 
in increased expression at the mRNA and polypeptide levels. Therefore, Appellants submit that 
the Examiner's reasoning is based on a misrepresentation of the scientific data presented in the 
above cited references and application of an improper, heightened legal standard. In fact, contrary 
to what the Examiner contends, the art indicates that, if a gene is amplified in cancer, it is more 
likely than not that the encoded protein will be expressed at an elevated level. 

2. It is "more likely than not" for amplified genes to have increased mRNA 
and protein levels 

Appellants respectfully submit that there are numerous articles which show that generally, 
if a gene is amplified in cancer, it is more likely than not that the encoded protein will be 
expressed at an elevated level. For example, Orntoft et al (Mol and Cell Proteomics, 2002, 
vol. 1, pages 37-45 - made of record in Appellants' Response filed July 5, 2005) studied 
transcript levels of 5600 genes in malignant bladder cancers, many of which were linked to the 
gain or loss of chromosomal material using an array-based method. Orntoft et al showed that 
there was a gene dosage effect and taught that "in general (18 of 23 cases) chromosomal areas 
with more than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts" (see 
column 1, abstract). In addition, Hyman et al {Cancer Res., 2002, vol. 62, pages 6240-45 made 
of record in Appellants' Response filed July 5, 2005) showed, using CGH analysis and cDNA 
microarrays which compared DNA copy numbers and mRNA expression of over 12,000 genes in 
breast cancer tumors and cell lines, that there was "evidence of a prominent global influence of 
copy number changes on gene expression levels." (See page 6244, column 1, last paragraph). 
Additional supportive teachings were also provided by Pollack et al, (PNAS, 2002, vol. 99, 
pages 12963-12968 - made of record in Appellants' Response filed July 5, 2005) who studied a 
series of primary human breast tumors and showed that ". . .62% of highly amplified genes show 
moderately or highly elevated expression, and DNA copy number influences gene expression 
across a wide range of DNA copy number alterations (deletion, low-, mid- and high-level 
amplification), and that on average, a 2-fold change in DNA copy number is associated with a 
corresponding 1.5-fold change in mRNA levels." Thus, these articles collectively teach that in 
general, gene amplification increases mRNA expression . 
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In addition, in their Response filed July 5, 2005, Appellants submitted a Declaration by 
Dr. Polakis, principal investigator of the Tumor Antigen Project of Genentech, Inc., the assignee 
of the present application, to show that mRNA expression correlates well w ith protein levels, in 
general. As Dr. Polakis explains, the primary focus of the microarray project was to identify 
tumor cell markers useful as targets for both the diagnosis and treatment of cancer in humans. 
The scientists working on the project extensively rely on results of microarray experiments in 
their effort to identify such markers. As Dr. Polakis explains, using microarray analysis, 
Genentech scientists have identified approximately 200 gene transcripts (mRNAs) that are 
present in human tumor cells at significantly higher levels than in corresponding normal human 
cells. To the date of the Declaration, they have generated antibodies that bind to about 30 of the 
tumor antigen proteins expressed from these differentially expressed gene transcripts and have 
used these antibodies to quantitatively determine the level of production of these tumor antigen 
proteins in both human cancer cells and corresponding normal cells. Having compared the levels 
of mRNA and protein in both the tumor and normal cells analyzed, they found a very good 
correlation between mRNA and corresponding protein levels. Specifically, in approximately 
80% of their observations they have found that increases in the level of a particular mRNA ^ 
correlates with changes in the level of protein expressed from that mRNA. While the proper 
legal standard is to show that the existence of correlation betwe en mRNA and polypeptide levels 
is more likelv than not, the showing of approximately 80% correlation for the molecules tested 
according to the Polakis Declaration greatly exceeds this legal standard . Based on these 
experimental data and his vast scientific experience of more than 20 years, Dr. Polakis states that, 
for human genes, increased mRNA levels typically correlate with an increase in abundance of the 
encoded protein. He further confirms that "it remains a central dogma in molecular biology that 
increased mRNA levels are predictive of corresponding increased levels of the encoded protein." 

The Examiner has asserted that "[fjrom the uncertainty in the cited art concerning the 
correlation between gene amplification and gene product overexpression, one of ordinary skill in 
the art would doubt the alleged utility because in the absence of information showing the 
correlation, one would doubt that the correlation exists." (Page 14 of the Office Action mailed 
October 4, 2005). In particular, the Examiner has asserted that the cited art (specifically, the 
Pollack et al. paper) showing that 62% of highly amplified genes show moderately or highly 
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elevated expression "very much shows the uncertainty in the art concerning the correlation of 
DNA copy number and RNA expression." (Page 15 of the Office Action mailed October 4, 
2005). The Examiner has further asserted that the data cited in the Polakis Declaration showing 
that 80% of the time there was a correlation between mRNA and corresponding protein levels 
"shows the uncertainty in the art whether there is any correlation between overexpressed RNA 
and overexpressed protein." (Page 15 of the Office Action mailed October 4, 2005). The 
Examiner concluded that the actual level of correlation is 62% multiplied by 80%, or about 50%. 

Appellants respectfully submit that Pollack et al. state that "we are likely underestimating 
the contribution of DNA copy number changes to altered gene expression" (page 12967, col. 2), 
indicating that the 62% number cited by the Examiner is most probably an underestimate . This 
conclusion is consistent with the results presented by Orntoft et al, who found that the level of 
correlation between DNA copy number and increased mRNA levels was from 77-80% (page 40, 
col. 2). Orntoft et al. also found a "highly significant" correlation between mRNA and protein 
levels, with the two data sets studied having correlations of 39/40 (98%) and 19/26 (73%). This 
data is consistent with the 80% correlation noted in the Polakis Declaration. 

Appellants note that the Hyman reference "found 44% of highly amplified genes showing 
overexpression at the mRNA level. However, in the more detailed discussion of their results, 
Hyman et al. teach that "[u]p to 44% of the highly amplified transcripts (CGH ratio, >2.5) were 
overexpressed (Le., belonged to the global upper 7% of expression ratios) compared with 
only 6% for genes with normal copy number." (See page 6242, col. 1; emphasis added). These 
details make it clear that Hyman et al. set a highly restrictive standard for considering a gene to 
be overexpressed; yet almost half of all highly amplified genes met even this highly restrictive 
standard . Therefore, the analysis performed by Hyman et al. clearly shows that "it is more likely 
than not" that a gene which is amplified in tumor cells will have increased gene expression. 

Appellants also respectfully point out that the Examiner's calculation of DNA/protein 
correlation by taking the product of the (underestimated) DNA/mRNA correlation and the 
mRNA/protein correlation is not valid because not all mRNA amplification is the result of gene 
copy number increases . Transcripts that are elevated due to other mechanisms may be less likely 
to result in increased protein levels, and thus would bring down the average correlation. Even if 
this calculation is accurate, Appellants respectfully note that taking a more accurate correlation 
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for DNA/mRNA of 79%, as observed by Orntoft et aL, leads to an overall correlation for DNA 
with protein levels of 63%, which is certainly more likely than not . 

Accordingly, since the standard is not absolute certainty, a prima facie showing of lack of 
utility has not been made in this instance and the burden to provide further evidence of utility has 
not shifted to Appellants. Taken together, although there are some examples in the scientific art 
that do not fit within the central dogma of molecular biology that there is a correlation between 
polypeptide and mRNA levels, these instances are exceptions rather than the rule. In the vast 
majority of amplified genes , the teachings in the art, as exemplified by Orntoft et aL, Hyman et 
aL, Pollack et aL, and the Polakis declaration, overwhelmingly show that gene amplification 
influences gene expression at the mRNA and protein levels. 

Thus, one of skill in the art would reasonably expect in this instance, based on the 
amplification data for the PRO1303 gene, that the PRO1303 protein is concomitantly 
overexpressed. Accordingly, one skilled in the art at the time the application was filed would 
have understood that the claimed PRO1303 polypeptide had utility in, for example, the diagnosis 
of cancer, and would have known exactly how to use the- claimed polypeptides without any 
undue experimentation. 

3. Even if a prima facie case of lack of utility had been established, it 
should be withdrawn on consideration of the totality of evidence 

Even if one assumes arguendo that it is more likely than not that there is no correlation 

between gene amplification and increased mRNA/protein expression, a polypeptide encoded by a 

gene that is amplified in cancer would still have a specific and substantial utility. In support, 

Appellants particularly draw the Board's attention to page 2 of the Declaration by Dr. Ashkenazi 

(submitted with Appellants' Response filed July 5, 2005) which explains that 

even when amplification of a cancer marker gene does not result in significant 
over-expression of the corresponding gene product, this very absence of gene 
product over-expression still provides significant information for cancer diagnosis 
and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring 
of gene amplification and gene product over-expression enables more accurate 
tumor classification and hence better determination of suitable therapy. In 
addition, absence of over-expression is crucial information for the practicing 
clinician. If a gene is amplified but the corresponding gene product is not over- 
expressed, the clinician accordingly will decide not to treat a patient with agents 
that target that gene product. 
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Appellants thus submit that simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification, even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy. Further, as 
explained in Dr. Ashkenazi's Declaration, absence of over-expression of the protein itself is 
crucial information for the practicing clinician. If a gene is amplified in a tumor, but the 
corresponding gene product is not over-expressed, the clinician will decide not to treat a patient 
with agents that target that gene product. This not only saves money, but also the patient need 
not be exposed to the side effects associated with such agents. 

This is further supported by the teachings of the article by Hanna and Momin (submitted 
with Appellants' Response filed July 5, 2005). The article teaches that the HER-2/neu gene has 
been shown to be amplified and/or over-expressed in 10%-30% of invasive breast cancers and in. 
40%-60% of intraductal breast carcinoma. Further, the article teaches that diagnosis of breast 
cancer includes testing both the amplification of the HER-2/neu gene (by FISH) as well as the 
over-expression of the HER-2/neu gene product (by IHC). Even when the protein is not over- 
expressed, the assay relying on both tests leads to a more accurate classification of the cancer and 
a more effective treatment of it. 

Therefore, Appellants respectfully submit that the gene amplification data provided in the 
present application, as discussed above, are sufficient to establish a specific, substantial and 
credible utility for the PRO 1303 polypeptide and the claimed antibodies that bind it, for example, 
to be used as diagnostic markers of human lung or colon cancer. 

Accordingly, given that the specification discloses at least one patentable utility for the 
claimed PRO 1303 polypeptides, Appellants respectfully request reconsideration and reversal of 
the rejection of Claims 28-32 under 35 U.S.C. §101. 

ISSUE II: Claims 28-32 satisfy the enablement requirement of 35 U.S.C. $112, first 
paragraph. 

Claims 28-32 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention." (Page 1 1 of the Office Action mailed April 5, 2005). 
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In this regard, Appellants refer to the arguments and information presented above in 
response to the outstanding rejection under 35 U.S.C. § 101, wherein those arguments are 
incorporated by reference herein. Appellants respectfully submit that as described above, the 
PRO 1303 polypeptide and the claimed antibodies that bind it have utility in the treatment of 
disorders for which modulation of glucose uptake by adipocytes would be beneficial, such as 
obesity, diabetes, and hyper- or hypo-insulinemia, and based on such a utility, one of skill in the 
art would know exactly how to use the claimed antibodies without undue experimentation. 

In addition, Appellants respectfully submit that as described above, the PRO1303 
polypeptide and the claimed antibodies that bind it also have utility in the diagnosis of cancer and 
based on such a utility, one of skill in the art would know exactly how to use the claimed 
antibodies for diagnosis of cancer, without undue experimentation. 

Accordingly, Appellants respectfully request reconsideration and reversal of the 
enablement rejection of Claims 28-32 under 35 U.S.C. §1 12, first paragraph. 

ISSUE 3: Claims 28-32 are not anticipated under 35 U.S.C. 102(e) by Ni et al.. U.S. Patent 
No. 6,566,498. 

Claims 28-32 stand rejected under 35 U.S.C. § 102(e) as allegedly being anticipated by Ni 
et al (U.S. Patent No. 6,566,498, effective filing date of February 6, 1998). Ni et al teach an 
isolated human secreted polypeptide consisting of SEQ ID NO:6, which has two regions of 100% 
identity to SEQ ID NO: 194, one region of 62 amino acids at the N-terminus, and one of 93 
amino acids at the C-terminus of SEQ ID NO: 194. The Examiner has asserted that the two 
proteins are likely splice variants of each other and thus are very likely to have many exterior- 
exposed epitope domains in common. The Examiner has further asserted that "because antigenic 
epitopes can be as low as 7 amino acids and preferably between 15 and 30 amino acids" allegedly 
"many of the antibodies taught by the reference which are directed against the protein of SEQ ID 
NO:6 would strongly cross-react with and specifically bind to the polypeptide of SEQ ID 
NO: 194." (Page 18 of the Office Action mailed October 4, 2005). 

Appellants respectfully point out that Claim 28, and consequently, those claims 
dependent from Claim 28, recites "an antibody that specifically binds to the polypeptide of SEQ 
ID NO: 194." (Emphasis added). Appellants respectfully submit that the terms "specific 
binding" and "specifically binds" are well known terms of art in antibody technology. One 
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skilled in the art understands that specific binding means that an antibody binds to a unique 
epitope within a target sequence. Example 16 of the U.S. Patent Office's Synopsis of Application 
of Written Description Guidelines clearly acknowledges that considering the routine and art- 
recognized methods of making antibodies, the well defined characteristics of the five classes of 
antibodies, the functional characteristics of antibody binding, and the fact that the antibody 
technology is well developed and mature, the disclosure of an antigen implicitly discloses an 
antibody which binds to that antigen. This general determination is equally true to antibodies 
which "specifically bind" to a target antigen, since such antibodies can be identified by routine 
screening in routine competitive binding assays. 

Therefore, Claim 28 and the claims dependent from Claim 28, carrying its recitations, 
clearly refer to an antibody that is able to bind to a specific epitope of the PRO1303 polypeptide 
without cross reacting with another epitope, including those found in the sequence disclosed in 
Ni et ah In view of this, the Examiner errs in assuming that the antibodies claimed in the present 
application would display significant binding to the polypeptide of Ni et ah, and thus overlap 
with the antibodies of Ni et ah As a result of the requirement of specific binding, the claims 
pending in this application do not encompass antibodies that specifically bind to epitopes found 
in the polypeptide of Ni et ah 

Appellants respectfully submit that a rejection under 35 U.S.C. § 102 can only be proper 
if the cited reference recites every element of the rejected claim. "For a prior art reference to 
anticipate in terms of 35 U.S.C. §102, every element of the claimed invention must be shown in a 
single reference." See In re Bond 9 9l0 F.2d 831, 15 USPQ2d 1566 (Fed. Cir. 1990). M.P.E.P. 
§2131 further provides, '"A claim is anticipated only if each and every element as set forth in the 
claim is found, either expressly or inherently described in a single prior art reference.' Verdegaal 
Bros. v. Union Oil Co. of California, 814 F.2d 628, 631, 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). 
'The identical invention must be shown in as complete detail as contained in the . . . claim.' 
Richardson v. Suzuki Motor Co., 868 F.2d 1226, 1236, 9 USPQ2d 1913, 1920 (Fed. Cir. 1989)." 
The antibodies of Ni et ah do not bind specifically to SEQ ID NO: 194, as recited in the claims, 
and therefore the antibodies of Ni et ah do not anticipate the claimed antibodies. 

Clearly there exist specific epitopes in the SEQ ID NO: 194 protein that are not found in 
the Ni protein. Appellants note that, as shown in the sequence alignment provided by the 
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Examiner in the Office Action mailed April 5, 2005, SEQ ID NO: 194 contains a 93 amino acid 
region in the middle of the protein that is not present in SEQ ID NO:6 of Ni et al Thus this 93 
amino acid region of SEQ ID NO: 194 contains numerous epitopes not found in the protein of Ni 
et al Accordingly, one of ordinary skill in the art would readily understand what is meant by 
antibodies which specifically bind to SEQ ID NO: 194 (and not, for example, to the polypeptide 
of Ni et al). Such antibodies would clearly include, for example, antibodies that bind to epitopes 
found within the central 93 amino acid region of SEQ ID NO: 194. One of skill in the art would 
understand that specific epitopes of the PRO 1303 polypeptide may also include residues from the 
overlapping regions, as part of a non-linear epitope. 

One of ordinary skill in the art would further understand how to make and use such 
antibodies. The specification provides methods to determine whether an antibody specifically 
binds to epitopes possessed by SEQ ID NO: 194. Routine methods of determining antibody 
binding specificities, including immunoprecipitation, or competitive binding assays such as 
radioimmunoassay (RIA) or enzyme-linked immunoabsorbent assay (ELISA), are disclosed in 
the specification at, for example, page 373, lines 32-35. Methods of determining the binding 
affinities of antibodies using Scatchard analysis are disclosed at page 373, lines 35-36. In 
addition, a method of using competitive binding assays to determine if a peptide shares an 
antigenic determinant for a particular antibody with a PRO polypeptide is disclosed in the 
specification at page 488, lines 25-29. 

Furthermore, at the time the invention was made, it was well known in the art that 
antibodies directed against a target antigen can be raised and isolated using commonly known 
methods. Thus, for example, antibody phage display, which was known in the art at the priority 
date of the present application, is a powerful technique for selecting antibodies. An antibody 
phage library typically consists of the variable regions of heavy (V H ) and light (V L ) chains of 
antibodies, which are randomly combined and linked together by a polypeptide linker to form a 
single-chain fragment (scFv). These scFvs are usually fused to a minor coat protein of 
bacteriophage M13, pm, resulting in phages displaying antibody fragments. The display of scFvs 
on a filamentous phage offers the possibility to select phage antibodies by several rounds of a 
technique called on an immobilized antigen. The large synthetic libraries available in the art can 
be used to select antibodies against any given antigen, and allow the selection of antibodies that 
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selectively bind one antigen and do not bind any other antigen. For further details, see, e.g. 
Winter et al., Annu. Rev, Immunol 12:433-455 (1994) (submitted with Appellants' Response 
filed July 5, 2005). 

As the specification provides simple, art-recognized methods, described in the preceding 
paragraphs, for determining those antibodies covered by the claims, the meaning of the claims is 
clear, and one of skill in the art would readily understand how to make and use the claimed 
antibodies. 

The Examiner has asserted that "even just one antibody taught by the reference which 
specifically binds to the Ni et al protein and specifically binds to the polypeptide of SEQ ED 
NO: 194 would anticipate the claimed invention." (Page 19 of the Office Action mailed October 
4, 2005). Appellants respectfully submit that this statement is incorrect, since antibodies that 
specifically bind to SEQ ID NO: 194 would not include antibodies that bind equally well to the 
protein ofNi et al 

The Examiner has further asserted that "Applicant's definition of specific binding' is too 
restrictive and does not interpret the phrase as broadly as is reasonable." (Page 20 of the instant 
Office Action). The Examiner asserts that 'specific binding' "is not defined relative to whether 
or not the antibody specifically binds to the same epitope present in a different protein, especially 
since it is unclear what would constitute a different protein in this context." (Page 20 of the 
Office Action mailed October 4, 2005). 

Appellants further respectfully submit that terms must be interpreted in a manner 
reasonably consistent with what is known in the art. Given that, as the Examiner mentions, 
antigenic epitopes comprise at least 7 amino acids, one of ordinary skill in the art would not 
expect that a protein having a single amino acid difference from SEQ ID NO: 194, to take the 
Examiner's example, could be distinguished antigenically. On the other hand, a splice variant 
having a 93 amino acid region not found in the most closely related protein could certainly be 
distinguished from that protein. As the Examiner explains, it is understood in the art that a 93 
amino acid region is large enough to comprise an independent folding domain, which may well 
have an additional function not present in the shorter variant. Because it is well known in the art 
that splice variants may have different functions and expression patterns, the skilled artisan 
would want to be able to distinguish between such variants. The skilled artisan would further 
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understand that it would be simple to make antibodies that would specifically bind only the 
longer variant, by making antibodies to the unique splice region of the longer protein. Thus there 
is nothing unreasonable or untenable in the idea of generating antibodies that 'specifically bind' 
to proteins having entire domains not found in a related variant. 

Accordingly, Appellants respectfully submit that Ni et al. is not prior art under 102(e) and 
respectfully request reconsideration and reversal of the rejection of Claims 28-32 under 35 
U.S.C. §102(e) over Ni et al 



-30- 



Appeal Brief 
Application Serial No. 10/006,116 
Attorney's Docket No. 39780-2830 P1C15 



CONCLUSION 

For the reasons given above, Appellants submit that the adipocyte glucose/FFA uptake 
assay disclosed in Example 149 of the specification provides at least one asserted specific and 
substantial patentable utility for the claimed PRO 1303 polypeptides, and that one of ordinary 
skill in the art would accept this asserted utility as credible and would understand how to make 
and use the claimed antibodies. In addition, the gene amplification results disclosed in Example 
143 also provide a specific and substantial patentable utility for the claimed PRO 1303 
polypeptides and based upon these results one of ordinary skill in the art would understand how 
to used the claimed antibodies in the diagnosis of lung and colon tumors. Therefore, claims 28- 
32 meet the requirements of 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph. 

In addition, for the reasons given above, Appellants submit that claims 28-32 are 
patentable over Ni et al under 35 U.S.C. §102(e). 

Accordingly, reversal of all the rejections of 28-32 is respectfully requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-2830 P1C15) . 

Respectfully submitted, 

Date: May 2, 2006 By: ^ 

Barrie D. Greene (Reg. No. 46,740) 

HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650)324-0638 
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CLAIMS APPENDIX 

Claims on Appeal 

28. An isolated antibody that specifically binds to the polypeptide of SEQ ID NO: 1 94. 

29. The antibody of Claim 28 which is a monoclonal antibody. 

30. The antibody of Claim 28 which is a humanized antibody. 

3 1 . The antibody of Claim 28 which is an antibody fragment. 

32. The antibody of Claim 28 which is labeled. 
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ABSTRACT 

Troglitazone is a member of the thiazolidinedione class of com- 
pounds, which act as insulin-sensitizing agents when administered to 
human patients and animal models displaying noninsulin-dependent 
diabetes mellitus. In Zucker rats, the antidiabetic activity is associ- 
ated with increased glucose uptake in adipose tissue. To understand 
the direct effects troglitazone has on adipocyte metabolism, 3T3-L1 
preadipocytes and adipocytes were treated with the compound. The 
addition of troglitazone enhanced the rate and percent differentiation 
of fibroblasts to adipocytes. Northern analysis indicated that during 
differentiation, expression of the adipocyte-specific transcription fac- 
tor, CCAAT enhancer binding protein-a, increased more rapidly in 



troglitazone-treated cells, but did not change in fully differentiated 
adipocytes. To assess the metabolic consequences of troglitazone 
treatment, both basal and insulin-stimulated glucose uptake were 
monitored in treated cells. Troglitazone treatment increased basal 
glucose transport 1.5- to 2.0-fold, whereas insulin-stimulated uptake 
was unaffected. Enhanced basal transport was caused by an increased 
synthesis of both Glutl glucose transporter messenger RNA and pro- 
tein. These results suggest the possibility that in vivo, the troglita- 
zone-dependent increase in glucose disposal may be attributable in 
part to modifications in the expression of Glutl in insulin-responsive 
tissues. (Endocrinology 137: 4706-4712, 1996) 



NONINSULIN-DEPENDENT diabetes mellitus (NIDDM), 
the most common form of diabetes, is estimated to 
affect more than 4 million people in the United States (1). This 
disease commonly develops during middle age and is char- 
acterized by hyperglycemia, hyperinsulinemia, and insulin 
resistance. At present, treatment consists of behavioral mod- 
ifications in conjunction with the administration of insulin 
and oral hypoglycemic agents (sulfonylureas and biguanide 
compounds). However, these treatments often fail to ame- 
liorate one of the main underlying causes of the disease, 
insulin resistance. The thiazolidinediones, a new class of 
compounds, differ markedly from other antidiabetic agents 
in that they decrease hyperglycemia and hyperinsulinemia 
by increasing insulin sensitivity in target tissues. These com- 
pounds increase peripheral glucose uptake while decreasing 
insulin secretion and gluconeogenesis in a wide variety of 
type II animal models (2-4). Troglitazone, a member of this 
compound class, improves glucose tolerance and insulin sen- 
sitivity in both diabetic (5, 6) and glucose-intolerant (7) pa- 
tients. Little is known about the biochemical mechanism of 
action of these compounds. 

j Adipose tissue is highly responsive to insulin. Its primary 
role is to store energy when nutrients are plentiful and to 
release energy during fasting and starvation. Adipose tissue 
also plays a pivotal role in metabolic homeostasis. Adipose 
tissue is responsible for 50-70% of lactate production in the 
adult and consequently contributes to the regulation of gly- 
cogen synthesis and gluconeogenesis (8). Moreover, the re- 
cent discovery of the ob gene product indicates that adipose 
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tissue secretes hormones capable of regulating feeding pat- 
terns, satiety, and adiposity (9). Because of the importance of 
adipose tissue in metabolic regulation and insulin resistance, 
it may play an important role in the mechanism of action of 
thiazolidinediones. 

To understand if and how the thiazolidinediones affect 
adipose cell metabolism, a study was designed to determine 
how troglitazone affects glucose utilization in 3T3-L1 adi- 
pocytes. This system was chosen because it is easily manip- 
ulated and is not complicated by the problems associated 
with the metabolic feedback loops present in vivo. Addition- 
ally, previous experiments with pioglitazone, another mem- 
ber of the thiazolidinedione family, in 3T3-F442A adipose 
cells suggested that these compounds increase differentia- 
tion (10, 11) and glucose uptake (12) in adipocytes. In the 
studies discussed here, troglitazone increased differentiation 
in 3T3-L1 cells when adrninistered at the initiation of the 
differentiation protocol. Furthermore, troglitazone enhanced 
glucose uptake in these cells by altering the total number of 
basal glucose transporters within the cell. 

Materials and Methods 

Materials 

3T3-L1 cells were obtained from the American Type Tissue Culture 
Collection (Rockville, MD). High glucose DMEM culture medium and 
bovine serum were purchased from Life Technologies (Gaithersburg, 
MD). Insulin, dexamethasone, and isomemylburyUan thine were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Troglitazone and 
pioglitazone were synthesized by Parke-Davis (Ann Arbor, MI) and 
Sankyo (Tokyo, Japan), respectively. 

Cell culture 

3T3-L1 fibroblasts were grown and passaged in DMEM containing 
10% FBS. For adipocyte differentiation, 2 day postconfluent cells were 
placed in 10% FBS-DMEM, 1 ug/ml insulin, 0.25 i*m dexamethasone, 
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and 0.5 mM isomethylbutylxanthine. Forty-eight hours later, the me- 
dium was changed to 10% FBS-DMEM containing 1 /xg/ ml insulin, and 
after an additional 48 h, the medium was replaced with 10% FBS-DMEM. 
Thereafter, the medium was changed every 2 days. Troglitazone was 
dissolved in dimethylsulfoxide as a 1000-fold stock solution and ad- 
ministered at the initiation of differentiation and with every medium 
change unless otherwise indicated. 

Glucose uptake 

Basal glucose uptake was measured using a modified version of the 
hexose transport procedure described by de Herreros and Birnbaum 
(13). Briefly, cells were washed with PBS and placed in glucose-free 
DMEM containing 1% BSA for 30 min at 37 C. At this time, 1 jiG/ml 
[ 14 C)2-deoxyglucose and 1 mM glucose were added, and the cells were 
incubated for 30 min at 22 C Subsequently, the cells were washed with 
PBS and 10 mM glucose at 4 C and lysed with 0.5 n NaOH. The lysates 
were neutralized with acetic acid and counted. To measure insulin- 
stimulated glucose uptake, cells were serum starved for 3 h before 
initiation of the assay. Stimulation with insulin (1 X 10" 6 m) was initiated 
15 min before the addition of labeled glucose. 

RNA preparation, Northern blot analysis, and ribonuclease 
(RNase) protection assays 

The guanidinium lysis method (Ultraspec RNA isolation system, 
Biotecx, Houston, TX) was used to prepare RNA samples. For Northern 
analysis, 15-30 ng RNA/sample were resolved on an 0.8-1% agarose 
formaldehyde gel and transferred to nitrocellulose. The blots were hy- 
bridized in 1 m NaCl, 1% SDS, and 10% dextran sulfate for 16-20 h at 
42 C. Washes were conducted in 0.1 X SSC (standard saline citrate>-0.1% 
SDS at 50 C The indicated complementary DNAs were labeled with 
[a- 32 P]deoxy~CTP using the random prime method and used as probes. 
RNase protection assays were performed using the RNase A nuclease 
assay according to manufacturer's instructions (Ambion, Houston, TX). 
[a- 32 P]UTP-labeled singled stranded RNA probes were generated using 
T3/T7 in vitro transcription procedures. All results were quantitated 
using a Molecular Dynamics Phosphorlmager (Sunnyvale, CA). 

Western blot analysis 

Cell lysates were prepared in HNTG buffer (50 mM HEPES, 150 mM 
NaCl, 1% Triton X-100, 10% glycerol, and 1 mM EDTA). The Bio-Rad 
protein analysis system (Bio-Rad Laboratories, Richmond, CA) was used 
to determine protein content. Western blots were performed using stan- 
dard protocols. Antibody interactions were detected using the chemi- 
luminescent assay (ECL, Amersham, Arlington Heights, IL). The Glut! 
antibody was produced using a glutathione S-transferase fusion protein 
encoding the last 39 amino acids of the Glutl glucose transporter. The 
antibody was irnmunoaffinity purified and shown not to cross-react 
with purified Glut4 glucose transporter protein. The Glut4-specific an- 
tibody was kindly provided by Dr. Michael Mueckler, 

Results 

Troglitazone enhances adipocyte differentiation in 3T3-L1 
cells 

The differentiation of 3T3-L1 preadipocytes into adipo- 
cytes is a complex process that is affected by cell passage 
number and a variety of environmental conditions. Under 
ideal conditions, 95-100% of confluent preadipocytes can be 
converted into fat droplet-containing adipocytes in 5-7 days, 
with fat droplets first appearing on day 4. However, as die 
preadipocytes are passaged, the efficiency of differentiation 
diminishes in a clonal manner, such that a confluent plate 
will contain islands of adipocytes within undifferentiated 
fibroblasts. This loss of phenotype is also associated with a 
decrease in the rate of differentiation, causing the initial 
appearance of fat droplets to occur around day 5 or 6. Initial 
experiments were conducted using cells with an adipocyte 



conversion frequency of approximately 50%. To study the 
effects of troglitazone on differentiation, 0.5-5 fiM compound 
was added with 167 nM insulin, 0.25 u,m dexamethasone, and 
0.5 mM isomethylbutylxanthine (hormone cocktail) at the 
initiation of differentiation and reapplied with each medium 
change. Eight-day troglitazone treatment without hormone 
cocktail showed minimal differentiation (Fig. 1, A and B). 
Less than 1% of the cells became adipocytes; however, the 
number of adipocytes in the drug-treated sample was greater 
than that in the untreated sample. In the presence of hormone 
cocktail, troglitazone significantly enhanced the percentage 
of adipocyte differentiation (Fig. 1, C and D). Nearly 100% of 
treated cells contained fat droplets compared to 50% of the 
untreated group. Additionally, the rate of differentiation was 
enhanced as fat droplets began to accumulate in the treated 
group 1 day before the control group. 

Adipocyte differentiation has been shown to be dependent 
upon the activation of several transcription factors, which, in 
turn, initiate the expression of a repertoire of adipocyte 
genes. One such factor, CCA AT enhancer binding protein-a 
(C/ EBPa), has been shown to be necessary and sufficient for 
adipocyte conversion in both preadipocyte and fibroblast cell 
lines (14-17). Moreover, mice lacking C/EBPa expression 
fail to accumulate both white and brown fat, suggesting that 
C/EBPa is required for terminal adipoctye differentiation 
(18). C/EBPa mRNA is not expressed in preadipocytes, is 
induced 2-3 days after the initiation of differentiation, and is 
maintained at a high level in the adipocyte (19). As trogli- 
tazone increases adipocyte differentiation, total RNA was 
isolated from differentiating cells treated with hormone 
cocktail containing 0 or 5 /llm troglitazone and probed with 
labeled C/EBPa complementary DNA to determine whether 
troglitazone enhances C/EBPa expression. The control cells 
used in this experiment differentiated 95-100% without the 




Fig. 1. Troglitazone enhances the differentiation of 3T3-L1 preadi- 
pocytes to adipocytes. Confluent preadipocytes were maintained in 
culture for 8 days without compound (A) or with 5 jxm troglitazone (B)» 
as described in Materials and Methods. Identical cells were treated 
with differentiation cocktail (167 nM insulin, 0.25 $m dexamethasone, 
and 0.5 mM isomethylbutylxanthine) with (D) or without (C) 5 fiM 
troglitazone. 



Downloaded from endo.endojournals.org on December 16, 2005 



4708 



TROGLITAZONE INCREASES GLUT1 LEVELS IN ADIPOCYTES 



Endo • 1998 
Vol 137 «Noll 



addition of drug; therefore, the ratio of adipocytes/ preadi- 
pocytes in the drug-treated and untreated samples was iden- 
tical. As shown in Fig. 2, troglitazone increased the rate of 
C/EBPa mRNA accumulation during differentiation, but 
did not affect the levels of C/EBPa message after differen- 
tiation was complete. At 48 h) treated cells contained 2.5 
times the level of C/EBPa mRNA found in control cells. 
Conversely, the levels on day. 6 were nearly identical in both 
samples. Multiple experiments demonstrated that the onset 
of CI EBPa expression varied with the passage number of the 
cells; however, in all cases troglitazone enhanced the rate of 
C/EBPa expression. This suggests that troglitazone influ- 
ences factors that regulate when C/EBPa mRNA production 
is induced, but not those that modulate the total amount of 
C/EBPa mRNA expressed. 

Troglitazone increases basal glucose uptake in 
differentiated adipocytes 

To determine whether troglitazone has a direct effect on 
glucose metabolism in the adipocy tes, the 3T3-L1 tissue cul- 
ture system was used to mimic adipocyte function in a con- 
trolled environment. Initial experiments were performed us- 
ing 3T3-L1 cells, which showed a 35% conversion frequency 
without troglitazone. Cells were differentiated under stan- 
dard conditions with or without troglitazone for 8 days, as 
described in Materials and Methods. On day 9, basal glucose 
uptake was assessed by monitoring the accumulation of 
[ l4 C]deoxyglucose within the adipocytes. As shown in Fig. 3, 
0.5 troglitazone treatment enhanced basal glucose uptake 
9.6-fold in these cells. No effect was observed if cells were 
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Fig. 2. Troglitazone affects the rate of C/EBPa message accumula- 
tion during differentiation, but not the overall level of message in the 
adipocyte. Northern analysis of total RNA collected every 24 h during 
adipocyte differentiation with and without 5 /mM troglitazone using a 
aaP-labeled, random primed, C/EBPa probe. RNA loading was eval- 
uated by quantitation of 18S RNA. Multiple experiments demon- 
strated that the onset of C/EBPa expression varied with the passage 
number of the cells; however, in all cases, troglitazone enhanced the 
rate of C/EBPa expression. , 
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Fig. 3. Troglitazone treatment in combination with insulin increases 
basal glucose uptake in adipocytes. Adipocytes were differentiated 
using 100 nM insulin in combination with 0.25 jiM dexamethasone and 
0.5 mM isomethylbutylxanthine. After 8 days, the cell [ 14 C]deoxyglu- 
cose uptake was monitored, as described in Materials and Methods. 
The values were obtained from duplicate samples. When assayed, the 
control cells exhibited 10% differentiation, whereas the troglitazone- 
treated cells showed 80% differentiation. 

treated without the addition of the hormone cocktail (data 
not shown). This suggests that troglitazone increases the 
activity or number of functional glucose transporters per cell, 
or both. 

Norunsulin-dependent (basal) glucose uptake is a result of 
transport through the membrane-associated Glutl glucose 
transporter, whereas insulin-stimulated glucose uptake re- 
sults from the combined activities of Glutl and the hormone- 
sensitive glucose transporter, Glut4, which are associated 
with both the plasma membrane and microsomal compart- 
ments. Comparison studies have shown that the levels of 
these two glucose transporter proteins differ between prea- 
dipocytes and adipocytes (13, 20, 21) (see Fig. 7). Total cel- 
lular levels of Glutl decline slightly with differentiation. 
Conversely, the amount of Glut4 transporter in the adipocyte 
increases from undetectable in the preadipocyte to a value 
2-fold greater than that of Glutl. Comparison of the adipo- 
cyte morphology between the cultures in the glucose uptake 
experiment in the previous experiment indicated that the 
troglitazone-treated samples had a higher adipocyte /prea- 
dipocyte ratio than the control samples (data not shown). 
Therefore, because the number and type of glucose trans- 
porters change during, adipocyte differentiation, the adipo- 
cyte /preadipocyte ratio must be equivalent between sam- 
ples to accurately determine how troglitazone affects glucose 
transport. To do this, we repeated the previous experiment 
using 3T3-L1 cells that differentiated more than 95% under 
standard differentiation conditions without troglitazone and 
whose morphology and final C/EBPa mRNA levels (Fig. 2) 
were not significantly enhanced by troglitazone treatment. In 
addition, we compared the basal glucose uptake to insulin- 
stimulated glucose uptake, which distinguishes between 
Glutl and Glut4 transporter activities. As shown in Fig. 4, 
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Fig. 4. Troglitazone increases basal glucose uptake in adipocytes. 
Adipocytes were differentiated under standard conditions in the pres- 
ence or absence of 0.5 mm troglitazone. The percentage of adipocyte 
differentiation in all samples was more than 95%. [ u C]Deoxyglucoae 
uptake was monitored 8 days after differentiation. For insulin-stim- 
ulated uptake, the cells were incubated for 30 min in 1 x 10~ 6 M 
insulin after a 3-h preincubation in serum-free DMEM. All values 
were obtained from duplicate samples. 

basal glucose uptake increased 1.7-fold in response to 0.5 /am 
troglitazone. Similar results (1.4-fold) were found for Glut4- 
dependent insulin-stimulated glucose uptake. As basal glu- 
cose uptake is a function of Glutl transporters, and insulin- 
stimulated uptake results from the combination of Glutl and 
Glut4 transporter activities, the fact that troglitazone en- 
hances both basal and insulin-stimulated glucose uptake 
equivalently suggests that the compound only alters Glutl 
transporter activity. 

To further separate the effects of troglitazone on glucose 
uptake from those on adipocyte differentiation, adipocytes 
differentiated in the absence of troglitazone were treated 
with 0.5 or 5 /am troglitazone for 48 h before the glucose 
uptake assay. As shown in Fig. 5, 0.5 and 5 /am troglitazone 
treatment produced 2- and 2.7-fold increases in basal glucose 
transport activity. As there was no change in morphology in 
the cells during treatment, these data show that troglitazone 
can enhance basal glucose uptake activity without affecting 
cell differentiation. 

To determine whether the enhancement of glucose trans- 
porter activity is due to an increase in transporter number or 
an increase in transporter function, Western analysis was 
performed on whole cell lysates (from cells differentiated in 
the presence or absence of troglitazone) using either Glutl- 
or Glut4-specific antibodies (Fig. 6). Again, the adipocyte/ 
preadipocyte ratio required to eliminate the effects of dif- 
ferentiation on transporter levels was identical in treated and 
untreated samples. As previously described (13, 20, 21), 
Glutl transporter levels decreased slightly with adipocyte 
differentiation, whereas Glut4 levels increased dramatically. 
Troglitazone caused a 2.3-fold increase in Glutl protein with- 
out altering Glut4 levels. Thus, troglitazone enhances glu- 




FiG. 5. Troglitazone enhances basal glucose uptake in fully differ- 
entiated adipocytes. Fully differentiated adipocytes were treated with 
0, 0.5, or 5 jlm troglitazone. Basal glucose uptake was assessed 48 h 
after treatment All values were obtained from duplicate samples. The 
percentage of adipocyte differentiation in all samples was more than 
95%. ' 

cose uptake by increasing the number of basal glucose trans- 
porters per cell. Additionally, a Glutl RNase protection assay 
was performed on RNA isolated from cells differentiated in 
the presence or absence of 5 jam troglitazone (Fig. 7). The 
Glutl /actin ratio was approximately 1.5-2 fold higher in the 
RNA samples isolated from troglitazone- treated cells. This 
directly correlates with the 2-fold increase in glucose trans- 
port and shows that troglitazone increases the number of 
Glutl transporters in adipocytes. 

As differentiation also affects Glutl mRNA stability, and 
a previous report (12) indicated that thiazolidinediones in- 
creased mRNA stability, a Glutl RNase protection assay was 
performed on RNAs isolated from adipocytes treated with 5 
jig/ ml actinomycin D. Figure 8 shows that when the control 
cells and troglitazone cells displayed the same adipocyte/ 
preadipocyte ratio, the rate of Glutl mRNA decay was the 
same for both treated and untreated cells. Identical results 
were obtained from cells treated with pioglitazone, another 
antidiabetic thiazolidinedione (data not shown). Albeit in- 
directly, these data also suggest that the increase in Glutl 
mRNA is due to an increase in Glutl transcription. 

Discussion 

Troglitazone treatment of 3T3-L1 cells increases both the 
rate and percentage of adipocyte differentiation. This phe- 
nomenon is linked to the increased rate of C/EBPa accu- 
mulation in differentiating cells. Because this accumulation 
of C/EBPa message occurs within 24 h of drug treatment, it 
implies that troglitazone interacts with proteins tint are 
present in the preadipocyte or are rapidly induced by the 
differentiating hormone cocktail. Recent work on adipocyte 
differentiation suggests that the proteins involved are mem- 
bers of the peroxisome proliferator-activated receptor 
(PPAR) family (22, 23). These nuclear receptors are activated 
by endogenous fatty acid or PG ligands (24-26) and in com- 
bination with C/EBP family members are believed to induce 
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Fig. 6. Troglitazone increases the synthesis of the Glutl transporter 
protein in adipocytes. Western analysis was performed using a Glu tl* 
or Glut4-specific antibody of protein samples collected from adipo- 
cytes treated with or without 5 fOM troglitazone. The percentage of 
adipocyte differentiation in all samples was more than 95%. Thirty 
micrograms of protein were loaded per lane, as determined using 
Bio-Rad analysis. Histograms represent data acquired from two 
independent experiments. 

adipocyte differentiation (27-29). Lehmann and colleagues 
(30) have shown that another thiazolidinedione, BRL 49653, 
is a iigand for PPARy, the adipocyte-specific PPAR family 
member. This suggests that by interacting with the PPARs, 
troglitazone initiates the cascade of transcriptional events 
that enhances the rate of adipogenesis. 

To determine whether the increased glucose uptake in 
adipocytes in vivo is a direct effect of troglitazone or a con- 
sequence of secondary effects brought about by insulin sen- 
sitization, the effects of troglitazone were assessed in the 
isolated 3T3-L1 tissue culture system. Apart from the en- 
hanced glucose uptake associated with adipocyte differen- 
tiation, troglitazone directly increased glucose uptake 2-fold 
in these cells. This effect was shown to be a direct result of 
an increased synthesis of Glutl transporter rnRNA and pro- 
tein. This disagrees with previously reported results (12), 
which have shown that pioglitazone, another thiazolidinedi- 
one with antidiabetic activity, enhances glucose uptake in 
3T3-442A adipocytes by increasing both Glutl and Glut4 
transporter mRNA and protein via rnRNA stabilization. 
However, this study failed to distinguish between the in- 
creases in glucose uptake associated with the enhancement 
of adipocyte differentiation and those resulting from the 
direct effects of the thiazolidinedione on the adipocyte. By 
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Fig. 7. The levels of Glut l mRNA were increased in response to 5 
troglitazone. A RNase protection assay was performed on RNAs col- 
lected at the indicated times from cells treated with or without 5 j&M 
troglitazone. Ten micrograms qf RNAper sample were hybridized to 
mouse Glutl and /3-actin probes and processed as described in 
Materials and Methods. Message levels were quantitated using a 
Molecular Dynamics Phosphorlmager, and the values are repre- 
sented as the Glutl/actin ratio. 

controlling for the ratio of adipocytes /preadipocytes in the 
experiments presented here, the indirect effects of differen- 
tiation by the compound on GIut4 were eliminated, demon- 
strating that troglitazone enhances glucose uptake by in- 
creasing Glutl mRNA and protein levels. Additionally, 
identical experiments with pioglitazone yielded similar re- 
sults (data not shown). 

These results provoke at least two questions. First, can a 
2-fold increase in adipocyte glucose uptake account for the 
decreased hyperglycemia in vivo or must other tissues also be 
affected? Secondly, are the transcriptional responses in- 
volved in differentiation the same as those used in the ex- 
pression of Glutl; do both require the activation of PPARs by 
the thiazolidinediones? 

Glucose transporter number has been shown to directly 
affect glucose transport and blood glucose levels in animal 
models. Several transgenic mice have been engineered that 
overexpress the glucose transporters in a tissue-specific fash- 
ion (30-34). In general, overexpression of either Glutl or 
Glut4 enhanced glucose transport in the targeted tissue. En- 
hanced transport directly correlated with decreased plasma 
glucose levels in both fasted and fed animals, demonstrating 
that enhanced transporter expression has profound effects on 
glucose disposal in vivo. Surprisingly, however, increased 
Glutl expression in skeletal muscle, and hence increased 
muscle basal transport, resulted in resistance of Glut4 to 
insulin stimulation and various other stimuli including con- 
traction and hypoxia (32). Additionally, Glut 4 overproduc- 
tion in fat cells did not protect animals from the impaired 
glucose tolerance induced by a high fat diet (34). Thus, al- 
though enhanced transporter synthesis can ameliorate hy- 
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Fig. 8. Troglitazone does not alter the stability of Glutl mRNA. 
HNase protection assay of Glutl message was performed on RNA 
collected after actinomycin D (5 /xg/ml) treatment of adipocytes dif- 
ferentiated in the presence or absence of 5 jam troglitazone. Ten mi- 
crograms of RNA were used per sample, and message levels were 
quantitated using a Molecular Dynamics Fhosphorlmager. 

perglycemia, it does not appear to directly influence insulin 
resistance. This would imply that enhanced Glutl synthesis 
in adipocytes would only represent a portion of troglita- 
zone's antidiabetic activity. This is supported by data indi- 
cating that troglitazone influences the metabolic activities of 
skeletal muscle, liver, and pancreas (35-^38). 

The precise role of PPARs in the antidiabetic activities of 
the thiazolidinediones has yet to be fully explored. Clearly, 
the PPARs are intimately involved in lipid metabolism in a 
number of tissues, including adipose and liver, and are re- 
sponsible for the lipid-lowering effects of the fibric acids (39). 
Interestingly, the lipid-lowering effects associated with thia- 
zolidinedione treatment are similar to those of other PPAR- 
activating, lipid-lowering compounds (40). Moreover, as el- 
evated lipid levels have been linked to peripheral insulin 
resistance, the alteration of lipid metabolism may ameliorate 
insulin resistance (41), However, in vitro, thiazolidinediones 
bind specifically to the PPARy isoform, which is mainly 
present in adipose tissue (22, 23). Thiazolidinediones have 
been shown to influence metabolism in liver, pancreas, and 
skeletal muscle. If all of these antidiabetic responses are to be 
attributed to PPAR activation, all insulin-responsive tissues 
must contain sufficient levels of this isoform. Alternatively, 
it is possible that the ligand binding specificity in vivo differs 
from that in vitro, and /or that the compounds stimulate the 
formation of ligands that activate the PPAR isoforms present 
in these other tissues. Future studies addressing these issues 
will undoubtedly reveal the role of the PPARs in the antidi- 
abetic activity of the thiazolidinediones. However, it is clear 



that the regulation of Glutl transporter synthesis could con- 
tribute to the antidiabetic activity of troglitazone. 
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ABSTRACT 

Whereas adipocytes normally play an important role as a major site 
for systemic energy homeostasis, adipocyte function is markedly altered 
in disorders such as diabetes. In this study, we investigated the effect 
of pioglitazone, a novel antidiabetic agent known to lower plasma 
glucose in animal models of diabetes mellitus, on expression of glucose 
transporters GLUTl and GLUT4 in 3T3-F442A cells. Treatment of 
confluent 3T3-F442A preadipocyte cultures for 7 days with pioglitazone 
(1 /*M) and insulin (1 ng/ml) resulted in nearly 100% differentiation of 
cells to lipid-accumulating adipocytes, and such adipocytes showed a 
markedly increased capacity for glucose uptake. Analysis of messenger 
RNA transcripts encoding GLUTl and GLUT4 glucose transporters 
over the 7-day differentiation period indicated time -dependent in- 



creases in abundance of each type that were maximal at more than 5- 
fold with the combined presence of insulin and pioglitazone. In accord, 
GLUTl and GLUT4 protein levels also increased to maximal levels of 
10- fold and 7- fold, respectively, over those in undifferentiated preadi- 
pocytes. Increased messenger RNA half-lives from 2.2 to greater than 
24 h for GLUTl and from 1.2 to greater than 24 h for GLUT4 correlated 
with this induced adipocyte differentiation. Taken together, these 
findings indicated that pioglitazone markedly enhanced expression of 
cellular glucose transporters, and the mechanism for this action was 
mainly stabilization of transporter messenger RNA transcripts. Such 
increased expression of glucose transporters in adipocytes establishes 
the cells in a state active for glucose uptake, thus ultimately facilitating 
storage and metabolism as well. (Endocrinology 133: 352-359, 1993) 



ADIPOSE tissues play a key role in systemic energy 
homeostasis, Adipocytes possess hormonally regulated 
transport and metabolic systems allowing energy storage as 
triglycerides when nutrients abound or energy release during 
nutritional dearth. In accord with this role, a recent report 
indicated that adipose may be responsible for up to 30% of 
whole body glucose metabolism (1). Altered adipocyte func- 
tion has been associated with abnormal physiological states 
including obesities and obesity-linked diabetes (2-4). In non- 
insulin-dependent diabetes mellitus, elevated blood glucose 
levels result from insufficient glucose uptake in adipose and 
muscle, a consequence of insulin resistance (5, 6). 

The hyperglycemia of noninsulin-dependent diabetes mel- 
litus can be corrected clinically by treatment of patients with 
oral hypoglycemic agents. Whereas presently used sulfonyl- 
urea agents appear to act principally as secretagogues to 
increase the availability of insulin to enhance glucose dis- 
posal (7, 8), an alternate treatment strategy could employ 
agents acting as insulin sensitizers, thus overcoming target 
tissue insulin resistance. New antidiabetic compounds be- 
longing to the thiazolidinedione class of drugs appear to 
lower blood glucose in animal models of diabetes by improv- 
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ing insulin sensitivity in peripheral tissues (9). Treatment of 
insulin-resistant fatty rats or mice with the thiazolidinedione 
pioglitazone resulted in lowered blood glucose, triglyceride, 
and insulin levels (10, 11). 

We and others have previously reported that thiazolidi- 
nedione agents enhanced insulin sensitivity for glucose up- 
take and metabolism in adipose tissues of diabetic animals 
(10-13). It has also been found that such agents have potent 
adipogenic effects on preadipocyte cell cultures (14-16). We 
therefore sought to more fully investigate the mechanism 
underlying the effect of pioglitazone to promote adipocyte 
differentiation with the aim of gaining insight into how such 
an effect could contribute to regulation of cellular glucose 
uptake. Findings in our present report indicate that pioglita- 
zone treatment of 3T3-F442A preadipocytes markedly en- 
hances expression of glucose transporters GLUTl and 
GLUT4, and the mechanism for this action is a stabilization 
of transporter messenger RNA (mRNA) transcripts. 

Materials and Methods 

Cells and tissue culture 

3T3-F442A fibroblasts were grown as monolayer cultures at 37 C in 
an atmosphere of 10% CO 2 -90% air essentially as described previously 
(17). Subcultured cells were grown to confluence (usually 7 days) in 
Dulbecco's Modified Eagle's Medium (DMEM) containing glucose (4.5 
g/L), bovine serum (10%), streptomycin (50 Mg/ml), penicillin (50 U/ 
ml). Fungizone (0.25 /ig/ml), and glutamine (2 mM). Confluent cell 
cultures were then converted to adipocytes by culture for 7 days in 
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DMEM in the presence of 10% fetal calf serum and insulin (1 /ig/ml) 
and/or pioglitazone (1 hm). Cell differentiation was assessed by evalu- 
ating cell morphology under phase contrast microscopy; cells were 
considered to be adipocytes if numerous lipid droplets were observed in 
the cytoplasm. The cell line was used during the 10th to 20th passage 
after clone isolation. 



Measurement of 2-deoxy-D[ 14 C]glucose uptake 

For assay, 3T3-F442A cell monolayers (~10 6 cells/17 mm well) were 
rinsed with PBS and incubated with 0.5 ml assay medium (DMEM, no 
glucose, 5 mM NaHC0 3 , 20 mM N-[2-hydroxyethyl]-N>perazine-[2- 
ethanesulfonic acid], 0.1% BSA, pH 7.4) for 15 min at 22 C. Then 0.5. 
juCi o-[U- 14 C]glucose (stock = 57 mCi/mmol, Amersham Corp., Arling- 
ton Heights, 1L) was added for an additional 15 min. After this incuba- 
tion, medium was aspirated, and cells were rinsed with ice-cold PBS 
containing 10 mM glucose. Cells were then solubilized with 0.5 ml 0.5 n 
NaOH, transferred to vials, neutralized with 52 fil glacial acetic acid, 
and counted for radioactivity using 5 ml Ready Value scintillation fluid 
(Beckman, Inc., Palo Alto, CA). 

Northern blot analysis of RNA for determination ofGLUTl 
and GLUT4 mRNA transcript abundance 

Total RNA was extracted from 3T3-F442A cell monolayers essentially 
according to the method of Chomczynski and Sacchi (18). RNA was 
then size-fractionated on 1% agarose gels and transferred to nylon 
membranes according to the method of Fourney et al (19). RNA tran- 
scripts were cross-linked to the membrane with a UV Stratalinker 
(Stratagene, La JoIIa, CA). 

Hybridization was performed using anti-sense RNA Riboprobes pre- 
pared according to the protocol of the reagent supplier (Promega Corp., 
Madison, WI). For GLUT1, pSPCT-1 (20) was kindly provided by Dr. 
Graeme Bell (Chicago, IL), and the entire 1591 base pair coding region 
of rat brain glucose transporter was excised using Bg/II and subcloned 
into the BamHl site of pGEM-4Z. EcoRI was used for linearization, and 
T7 RNA polymerase was used for GLUT1 Riboprobe transcription. A 
GLUT4 construct pSMlD2 in the pBluescript KS + (21) was generously 
provided by Dr. Morris Birnbaum (Boston, MA). For GLUT4 Riboprobe 
preparation, this construct was linearized with Hind HI, and T7 RNA 
polymerase was used for Riboprobe preparation. 

High stringency hybridizations with Riboprobes were performed by 
65 C overnight incubation of membranes in glass tubes in a Hybaid 
Oven (National Labnet Co., Woodbridge, NJ) using procedures we have 
detailed previously (11). After rinses, labeled membranes were exposed 
at -70 C to Hyperfilm-MP (Amersham Corp., Arlington Heights, IL) 
with an intensifying screen. Autoradiographic bands on film were quan- 
titated by two-dimensional densitometry using an AMBIS Optical Im- 
aging System (San Diego, CA). RNA samples were quantitated for 
correction of minor loading differences by densitometry of ethidium 
bromide-stained 28S ribosomal bands (22) on photographic negatives 
(type 55 P/N film, Polaroid, Cambridge, MA). 

Measurement of GLUT1 and GLUT4 mRNA stability 

Confluent 3T3-F442A cells were induced to differentiate with insulin, 
pioglitazone, or both as described above. On day 7 of treatment, the 
transcription inhibiting agent Actinomycin D (Act D) was added (5 Mg/ 
ml) to treated cell cultures as well as undifferentiated control cultures, 
essentially as reported earlier (23-26). Total RNA was extracted from 
these cells at selected time points after Act D addition (0, 1, 2, 4, 6, and 
24 h), and abundance of remaining GLUT1 and GLUT4 mRNA tran- 
scripts was assessed by Northern blot analyses, as described above. 
Glucose transporter mRNA abundance data were fitted to a single 
exponential decay curve by nonlinear least square regression analysis. 
The estimated first-order rate constant was used to calculate the mRNA 
half-life. Since it was suggested that Act D may have nonspecific effects 
with long-term (24 h) treatments (24), glucose transporter mRNA half- 
life calculations were based on changes in mRNA abundance over only 
the first 6 h of Act D treatment. 



Western blot analysis of glucose transporter proteins 

Total particulate membrane proteins were prepared as previously 
described (27). Briefly, cells were washed with PBS and scraped into 
homogenization buffer [20 mM Tris-HCl, 255 mM sucrose, 1 mM EDTA, 
1 mM phenylmethyl sulfonylfluoride, lO U/ml Trasylol] and were 
homogenized with 10 pulses by a Tekmar Tissuemizer (Tekmar Inc., 
Cincinnati, OH). A total membrane fraction was prepared by centrifu- 
gation of the homogenate at 200,000 X g at 4 C. Protein concentrations 
were determined by the Bradford assay (28) using BSA as a standard. 
Initial Western blot analyses revealed diffuse bands of GLUT1 and 
GLUT4 proteins, possibly due to heterogenous glycosylation of the 
transport proteins. Therefore, samples were routinely treated with pep- 
tide N-glycosidase F (1 U/100 Mg protein) in a buffer containing 20 mM 
sodium phosphate, pH 7.5, 10 mM EDTA, 1.7% Triton X-100, and 1 mM 
phenylmethyl sulfonylfluoride for 48-72 h at 37 C to remove sugar 
residues (23). Treated protein samples were then mixed with one fourth 
volume of 4X electrophoretic sample buffer (200 mM Tris-HCl at pH 
6.8, 400 mM dithiothreitol, 8% sodium dodecyl sulfate, 40% glycerol, 
0.4% bromophenol blue] and stored at -20 C. Samples were thawed 
and loaded in parallel onto two discontinuous 12% polyacrylamide gels, 
and size-fractionated according to the method of Laemmli (29) using a 
Mini-Protean II Dual Slab Cell (Bio-Rad, Richmond, CA). The amount 
of protein loaded (10 Mg/lane for GLUT1 and 60 Mg/lane for GLUT4) 
was determined empirically to be within the linear response range for 
the system used. Proteins separated on each gel were electrophoretically 
transferred to Immobilon PVDF membranes (Millipore Corp., Bedford, 
MA) using a Mini-Transblot electrophoretic transfer cell (Bio-Rad). One 
membrane was stained for total protein (0.1% Coomassie R-250, 40% 
methanol, 10% acetic acid). The second membrane was immunostained 
for GLUT1 or GLUT4 using a double antibody system and the Immuno- 
Blot Assay Kit (Bio-Rad). The supplier's instructions were followed 
except 5% BSA was used for membrane blocking. The primary antibodies 
(RaGLUTRANS for GLUT1 and RalRGT for GLUT4, East Acres Biolog- 
icals, Southbridge, MA) were diluted 1:3000 and 1:2000, respectively, 
and the alkaline phosphatase-conjugated second antibody (GAR-AP, 
Bio-Rad) was diluted 1:3000 for use. Resulting signals were quantitated 
with the reflective mode of a Model 620 Video Densitometer (Bio-Rad). 
Sample loading corrections were made based on densitometry data from 
the Coomassie-stained membrane. 

Data analysis 

Statistical analysis was performed using SAS version 6 (SAS Institute, 
Inc., Cary, NC). All hypothesis tests were two-sided and were considered 
significant if the P value was less than or equal to 0.05. 

Results 

Induction of preadipocyte differentiation and glucose transport 
by insulin and pioglitazone 

Treatment of confluent 3T3-F442A cells for 7 days with 
insulin (1 jig/ml), pioglitzone (1 ^m), or both agents in the 
presence of 10% fetal calf serum resulted in conversion of 
cells into lipid-accumulating adipocytes. Whereas some cells 
differentiated into adipocytes by either treatment alone (in- 
sulin, 60%; pioglitazone, 80%), nearly complete differentia- 
tion (95%) was achieved with both agents together. Such 
cellular differentiation was associated with markedly in- 
creased capacity for glucose transport. Treatment of 3T3- 
F442A cells for 7 days with insulin or pioglitazone resulted 
in basal glucose transport levels that were 22- and 30-fold 
increased compared to untreated fibroblasts (Table 1). To- 
gether, both agents appeared to act additively for a maximal 
enhancement of 61 -fold at day 7. Age-matched, undiffer- 
entiated cells maintained in growth medium showed no 
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TABLE 1. P and I-induced increases in glucose transport activity 
in differentiating 3T3-F442a Cells 



600 



Cell treatment 


Glucose uptake 
(dpm/cell ± sem) 


Control, day 0 


0.0030 ± 0.00007 


Control, day 7 


0.0013 ± 0.00031 


Insulin 


0.0670 ± 0.0076 


Pioglitazone 


0.0887 ± 0.015 


Insulin + pioglitazone 


0.1830 ± 0.037 



Confluent monolayer cultures of preadipocytes in DMEM (day 0) 
were induced to differentiate by treatment with insulin and/or piogli- 
tazone. Preadipocyte cells maintained for 7 days in DMEM without 
added insulin and/or pioglitazone also served as controls. After treat- 
ment for 7 days, glucose transport actvity was measured by uptake of 
2 -deoxy-o( M C] glucose as described in Materials and Methods. Since 
the radiolabeled glucose has a specific activity of 300 mCi/mmol, there 
are 1.5 f/dpm. Thus, maximal basal transport was approximately 0.3 
fmol/celi for cells differentiated in medium containing insulin and 
pioglitazone. 

increase in glucose transport over the, 7-day interval, and 
actually declined about 60%, likely an indication of quies- 
cence. 

Insulin- and pioglitazone-enhanced expression of glucose 
transporters in 3T3-F442A cells 

To assess whether such increased glucose transport activity 
could be explained by amplified expression of glucose trans- 
porters in adipocytes, we analyzed the levels of GLUT1 and 
GLUT4 mRNA abundance. When assessed by Northern blot- 
ting, the abundance of mRNA transcripts encoding GLUT1 
and GLUT4 glucose transporters increased in a time-depend- 
ent manner (Figs. 1, 2). Whereas 7-day treatment with either 
insulin (1 Mg/ml) or pioglitazone (1 aim) increased GLUT1 
mRNA abundance by 2.3- and 1.5-fold, respectively, above 
the level in undifferentiated cells (day 0), insulin and pio- 
glitazone together acted synergistically to increase this 
message by almost 6-fold (Fig. 1). GLUT1 mRNA levels 
did not change in age-matched undifferentiated cells main- 
tained in growth medium over the same interval. In contrast 
to the observed synergistic treatment effects on GLUT1 
mRNA levels, GLUT4 mRNA abundance was increased to 
similar levels above undifferentiated cells (day 0) reaching 
3.8-, 4.6-, and 5.2-fold elevation by respective treatments for 
7 days with insulin, pioglitazone, or both (Fig. 2). Whereas 
these values for GLUT4 mRNA abundance reflected an 
overall increase at day 7, a small decline was observed at 
this time point in some experiments with combined treatment 
by insulin and pioglitazone (Fig. 2, lower). Such results 
indicate that some down-regulation may occur in the final 
differentiated state. 

These changes in GLUT1 and GLUT4 glucose transporter 
mRNA levels were accompanied by changes in levels of the 
encoded transporter proteins as determined by Western blot- 
ting. Whereas either insulin or pioglitazone treatment ap- 
peared to increase GLUT1 protein levels on day 7 of differ- 
entiation by 2.3- and 3.5-fold respectively, the agents to- 
gether seemed to act synergistically to increase protein levels 
by almost 10-fold above those of age-matched undifferen- 
tiated cells (Fig. 3). In contrast to the observed synergistic 
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Fig. 1. Effect of insulin and pioglitazone treatment on GLUTl mRNA 
abundance. Upper, Time-dependent increases in abundance of GLUT I 
mRNA during differentiation of 3T3-F442A cells induced by insulin 
(INS), pioglitazone (PIO), or both. Cells were seeded, grown to conflu- 
ence, and differentiated as described in Materials and Methods. Un- 
treated age-matched fibroblasts maintained in DMEM containing only 
10% calf serum were used as control (CS). Total RNA was isolated at 
indicated time points, and samples (10 Mg/lane) were electrophoreti* 
cally size-fractionated on agarose gels. Northern blots were hybridized 
to Riboprobes specific for rat GLUT I mRNA. Autoradiographic bands 
were quantitated by densitometry and normalized for minor loading 
differences as described in Materials and Methods. Data represent mean 
values for n = 5-6 determinations. A three factor analysis of variance 
(ANOVA; insulin, pioglitazone, time) with interactions showed a sig- 
nificant effect on GLUT1 mRNA abundance from combined treatment 
with I and P (P < 0.001). Lower, Representative Northern blot showing 
GLUT1 mRNA abundance in control (CS) and treated (INS, PIO, I + 
P) cells on day 7 of differentiation. 

effect on GLUT1 protein, GLUT4 protein levels increased by 
about 2.2-, 6.6-, and 4-fold by insulin, pioglitazone, or both, 
respectively (Fig. 4). 

increased stability of glucose transporter messages 

We next investigated possible effects of insulin and piog- 
litazone on the stability of GLUT1 and GLUT4 mRNAs. 
Fibroblast 3T3-F442A cells were induced to differentiate by 
treatment with insulin (1 Mg/ml), pioglitazone (1 jiM), or both 
for 7 days. The transcription inhibiting agent, Act D (5 fig/ 
ml), was added to differentiated cells on day 7 or to undif- 
ferentiated control cells just before such cells reached conflu- 
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Fig. 2. Effect of insulin and pioglitazone treatment on GLUT4 mRNA 
abundance. Upper, Time -dependent increases in GLUT4 mRNA abun- 
dance in 3T3-F442A cells during differentiation. Cells were grown to 
confluence, and differentiated in the presence of insulin (INS), piogli- 
lazone (PIO). or both (INS + PIO) as described in Materials and 
Methods. Untreated, age-matched fibroblasts maintained in DMEM 
containing only 10% calf serum were used as control (CS). Total RNA 
was isolated. Northern blots were prepared as described for Fig. 1, and 
membranes were hybridized with Riboprobe transcripts specific for rat 
GLUT4. Quantitation of resultant autoradiography was done as de- 
scribed in Materials and Methods. Data represent mean values for n 
5-6 determinations. A three factor ANOVA (insulin, pioglitazone, time) 
with interactions showed significant effects on GLUT4 mRNA abun* 
dance by INS (P « 0.001) or PIO (P < 0.0001). Lower, Northern blot 
showing GLUT4 mRNA abundance in control (CS) and treated (INS, 
PIO, I + P) cells on day 7 of differentiation. 

ence, and total RNA was extracted from cells at indicated 
times after addition of the transcription inhibitor (0, 1, 2, 4, 
6, and 24 h). Even after 24-h treatment with Act D, cell 
membranes remained intact and appeared refractile, and 
there was no visible sloughing of cells from the plates. The 
abundance of remaining mRNA transcripts for each of the 
glucose transporter genes was assessed on Northern blots. 
Differentiation of 3T3-F442A cells increased the GLUT1 
mRNA half-life from about 2.2 h in control undifferentiated 
cells to about 5.7, 3.6, and greater than 24 h in adipocytes 
differentiated by treatment with insulin, pioglitazone, or 
both, respectively (Fig. 5, Table 2). The stabilization of 
GLUT1 mRNA appeared to account for corresponding in- 
creases in GLUT1 mRNA abundance. Similarly, GLUT4 
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FlG. 3. Effect of insulin and pioglitazone treatments on GLUTl pro- 
tein abundance. Upper, Increased GLUT! protein abundance on dif- 
ferentiation of 3T3-F442A cells. Confluent 3T3-F442A cells were dif- 
ferentiated with I (INS), P (PIO), or both (INS + PIO) as described in 
Materials and Methods. On day 7, cellular membranes were isolated 
from undifferentiated (CS) or differentiated (INS-, PIO-, or INS + 
PJO-treated) cells, and protein (10 /ig/lane) was elect rophoresed and 
immunoblotted for GLUTl detection using the rabbit anti GLUTl 
primary antibody (see Materials and Methods). Resulting colorimetric- 
ally stained bands were quantitated by densitometry and normalized 
for minor loading differences. Data are expressed as percent of control 
and represent mean values ± SEM for n = ft determinations. With 
background subtraction, the mean basal value was 0.20 ± 0.06 arbitrary 
density units. Two factor ANOVA showed significant effects on 
GLUTl protein by INS (P » 0.014), PIO {P = 0.015), and INS + PIO 
(P < 0,0001). Lower, Representative immunoblot showing expression 
of GLUTl protein in selected samples from control (CS) and treated 
(INS, PIO, I + P) cells on day 7 of differentiation. Molecular weight 
markers are indicated in lane M; the GLUTl band ran as M r = 41,000. 

mRNA half-life increased from about 1.2 h in undifferen- 
tiated control cells to about 14.2, 10.3, and greater than 24 
h in cells differentiated with insulin, pioglitazone, or both, 
respectively (Fig. 5, Table 2). Again, GLUT4 mRNA stabili- 
zation appeared to account for observed increases in mRNA 
abundance. 

As shown in Fig. 6, we were able to quantitate differential 
expression of transporter messages in cells undergoing dif- 
ferent treatments by differentially exposing the Northern 
blots to film. This allowed calculation of message half-lives 
even when transcripts were present only at relatively low 
levels. 

Discussion 

Pioglitazone, 5-(4-(2-(5-ethyl-pyridyl)ethoxy]-2,4-thiazo- 
lidinedione, is an antidiabetic agent that has been shown to 
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Fig. 4. Effect of insulin and pioglitazone treatments on GLUT4 pro- 
tein abundance. Upper, Increased GLUT4 protein levels on differentia- 
tion of 3T3-F442A cells. Cell culture, treatment conditions, protein 
extraction, and Western blot analyses were performed as described in 
Fig. 3 legend, except that 60 pg/lane total protein were loaded for 
detection using the rabbit anti-GLUT4 primary antibody. Data are 
expressed as percent of control and represent mean ± SEM for n = 10 
determinations. After background subtraction, the mean basal value 
was 0.57 ± 0.11 arbitrary density units. Two factor A NOVA showed 
significant effects on GLUT4 by INS (P - 0.015), PIO (P « 0.007), 
and INS + PIO (P ■ 0.0003). Lower r Representative immunoblot 
showing increased levels of GLUT4 protein in 7 day-treated (INS, PIO, 
I + P) compared to untreated control (CS) cells. GLUT4 protein 
appears as a stained band with apparent M, of 46,000.. In control cells 
(CS), a nonspecific band of apparent M, 60,000 cross-reacted with the 
secondary antibody. 

ameliorate hyperglycemia in animal models of noninsulin- 
dependent diabetes mellitus (10, 11, 30). The purpose of our 
study was to further probe cellular action mechanisms un- 
derlying the antidiabetic effects of pioglitazone. Our prior 
findings indicated that the antidiabetic agent pioglitazone 
acted as a potent accelerator of adipocyte differentiation of 
3T3-F442A cells (14). This was evidenced by our demonstra- 
tion that treatment of fibroblast-like preadipocytes with piog- . 
litazone led to expression of fat-specific genes along with 
acquisition of the morphological appearance of lipid-accu- 
mutating adipocytes with concomitant increases in triglycer- 
ide accumulation (14). In the present study, we showed that 
such pioglitazone-treated cells showed an increased capacity 
for glucose uptake, with associated increases in CLUT1 and 
GLUT4 proteins. We further measured increased levels of 
mRNA transcripts encoding these glucose transporters, and 
found that these increases corresponded with markedly en- 
hanced stability of both GLUT1 and GLUT4 mRNA mes- 
sages. Such increased expression of glucose transporters in 
adipocytes established the cells in a state active for glucose 
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FlG. 5. Upper, Enhanced GLUT1 mRNA stability associated with 
treatment of 3T3F442A cells with insulin (INS), pioglitazone (PIO), 
or both (I + P). Lower, Enhanced GLUT4 mRNA stability associated 
with treatment of ,TT3-F442A cells with 1, P, or both. Confluent :)T3- 
F442A cells were differentiated with INS, PIO, or I + P for 7 days as 
described in Materials and Methods. On day 7 of treatment, Act D (5 
jig/ml) was added to differentiated (INS, PIO, I + P) and undifferen- 
tiated (CS) control cells, and total RNA was extracted from cells at 
indicated time points (0, 1, 2, 4, 6, and 24 h). Abundance of mRNA was 
assessed by Northern blotting analysis as described earlier. Data are 
expressed as percent of mRNA remaining after Act D treatment relative 
to the levels before the treatment lime 0. Each data point represents a 
mean value for n = 2 determinations. Calculated mRNA half-lives are 
shown in Table 2. 



uptake, thus ultimately facilitating glucose storage and me- 
tabolism as well. 

Results of our present study showed that the differentia- 
tion of 3T3-F442A cells by treatment with insulin and piog- 
litazone was accompanied by strikingly increased capacity 
for basal glucose transport (60-fold) compared to that for 
fibroblast-iike preadipocytes. Facilitated diffusion of glucose 
across the plasma membrane of adipocytes is known to be 
mediated by two glucose transporter proteins, i.e. GLUT1 
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TABLE 2. Calculated mRNA half-lives in undifferentiated and 
differentiated 3T3-F442A cells 



Treatment 




mRNA half-life (h) 
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Transporter 










GLUT1 
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3.6 


>24 


GLUT4 


1.2 


14.3 


10.3 


>24 
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fitted to a single exponential decay curve by nonlinear least square 
regression analysis. The estimated first-order rate constant was used 
to calculate the mRNA half-life. 
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Fig. .6. Autoradiographs of Northern blots probed for GLUT1 mRNA 
transcript abundance after D treatment. Experimental samples were 
prepared as described in Fig. 5. Data shown represent duplicate exper- 
imental points, except for the time 0 INS, where only a single sample 
is shown. Hours of film exposure to the radiolabeled blot were 40, 18, 
24, and 8 for CS, INS, PIO, and INS + PIO, respectively. Some films 
required longer exposure intervals for detection of low level transcripts. 



and GLUT4 (31). Multiple mechanisms exist by which hor- 
mones and other factors control the rate of cellular glucose 
uptake via these transporters. These include the rapid trans- 
location of preexisting transporters from an intracellular pool 
to the plasma membrane, modulation of the intrinsic activity 
of preexisting plasma membrane glucose transporters, and 
stimulation of the synthesis of new transporters (32). We 
clearly observed increased transporter synthesis, since our 
results demonstrated increases in the expression of both 
GLUT1 and GLUT4 transporters on mRNA and protein 



levels (5- to 10-fold maximal enhancement for each). These 
results are in agreement with previous studies in which 
GLUT1 and GLUT4 mRNA and protein levels were shown 
to increase during differentiation of 3T3 preadipose cells (27, 
33). Our observed increase in glucose transporter activity 
appeared to be somewhat greater in proportion than the 
combined increases in the synthesis of the two transporter 
proteins. This observation indicated that another mechanism, 
such as increased intrinsic activity of transporters, may also 
contribute to the effect. Such regulation of intrinsic trans- 
porter activity has previously been reported (34, 35). Inhibi- 
tion of 3T3-L1 adipocyte protein synthesis by anisomycin, 
for instance, appeared to stimulate glucose transport primar- 
ily by enhancing the intrinsic catalytic activity of cell surface 
GiUTl, and to a lesser extent GLUT4 proteins (34). Further, 
treatment of 3T3-L1 preadipocytes with tumor necrosis fac- 
tor-** reportedly increased glucose transport and GLUT! 
transporter intrinsic activity (35). Alternatively, it is possible 
that the apparent difference in glucose transport activity and 
glucose transporter protein levels may be a consequence of 
our presentation of data as fold -enhancement relative to low 
level controls. As such, we may have some differences in 
detection sensitivity rather than absolute differences in the 
magnitude of changes. 

Increased mRNA abundance can be attributed to enhanced 
RNA transcription and/or increased message stability. It was 
previously established that increases in the steady state level 
of several mRNAs during differentiation were accompanied 
by activation of specific gene transcription (36-39). This was 
particularly shown for mRNAs whose abundance was in- 
creased markedly (20- to 100-fold) during differentiation, 
including the aP2 and glycerophosphate dehydrogenase 
genes (36). The same report showed no significant changes 
in the rates of transcription of mRNAs for which abundance 
was more moderately altered (2- to 4-fold) during differen- 
tiation, such as those encoding fructose- 1,6-biphosphate, 0- 
actin, and ^-tubulin (36). In any case, most adipocyte mRNAs 
were far more abundant than would be predicted by their 
increased nuclear transcription rates. When increases in 
steady state mRNA levels cannot be attributed to changes in 
transcription, other levels of control such as mRNA stability 
likely contribute to the relative abundance of mRNAs during 
adipocyte differentiation. Since we observed moderate in- 
creases in GLUT1 and GLUT4 mRNA abundance (about 5- 
fold) with adipocyte differentiation, we compared mRNA 
half-lives in undifferentiated and differentiated cells using 
Act D (a transcription inhibitor) chase experiments. Differ- 
entiation of 3T3-F442A cells by insulin and/or pioglitazone 
dramatically increased the mRNA half-lives for GLUT1 and 
GLUT4 above their values in undifferentiated cells, i.e. from 
1-2 h up to greater than 24 h. Such stabilization of these 
mRNAs with adipocyte differentiation correlated well with 
increases in the mRNA steady state levels. It is interesting to 
note that Actinomycin D itself has been reported in a few 
instances to have mRNA stabilizing effects (40-42). It would 
therefore be possible to extend our observations by conduct- 
ing experiments using different transcription inhibitors such 
as 5,6-dichloro-l-£-D-ribofuranosylbenzimidazoIe or thiolu- 
tin, or using a different method such as [ 3 H]uridine pulse to 
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verify message stability. However, our observed dramatic 
increase in the stability of transcripts encoding glucose trans- 
porters in adipocytes versus fibroblasts seems likely to re- 
main, though there may be some differences in the absolute 
calculated half-lives. 

Our findings represent the first study that directly associ- , 
ates increased steady state mRNA levels during adipocyte 
differentiation with increased mRNA stability. This process 
was, however, predicted earlier based on observed increases 
in mRNA transcript levels that could not be explained by 
increased gene transcription (36-38). Regulation of mRNA 
stability in such cells has, in fact, been reported for other 
conditions. Treatment of 3T3-F442A mature adipocytes with 
retinoic acid, for instance, specifically decreased the adipsin 
mRNA level (43). For such studies, the rate of adipsin gene 
transcription remained unchanged, whereas the half-life of 
adipsin mRNA was greatly shortened in retinoic acid-treated 
adipocytes as compared with untreated cells (37.6-7.3 h). 
Another example is the induction of GLUT1, as well as other 
immediate-early growth-related protooncogenes, in 3T3-L1 
fibroblasts by treatment with tumor necrosis factor-a (26, 35) 
and 8-bromo-cAMP (44). Whereas transcriptional activation 
of immediate-early genes correlated well with subsequent 
accumulation of their respective mRNAs, increased GLUT1 
mRNA was due to an apparent increase in the stability of 
this message (45 min to several hours) without changes in 
its transcription. Another study showed that increased 
GLUT1 mRNA abundance by chronic exposure of L6 myo- 
cytes to insulin was due to increased transcription as well as 
prolonged half-life (2-5 h) (45). 

In general, the stabilization/destabilization of mRNAs in 
response to biological and pharmacological stimuli has been 
recognized as an important posttranscriptional step for reg- 
ulation of gene expression (46-49). Despite that, the mech- 
anisms underlying such processes, including the signals that 
trigger mRNA degradation or stabilization, the structural 
elements of the RNA that are recognized by degradative 
enzymes or stabilization factors, as well as the enzymes or 
other fraws-acting factors themselves, are largely unknown 
(46, 49-52). Interestingly, a recent report indicated that the 
3' -untranslated region of GLUT1 mRNA contains a single 
copy of the destabilizing AUUUA motif in the context of an 
AU-rich region (26). The stability of GLUT1 mRNA was 
found to be partially controlled by its interaction with a 
sequence-specific mRNA binding protein, the adenosine- 
uridine binding factor which was speculated to mediate 
mRNA stabilization by blocking the AU-destabilizing motifs 
(26). We therefore propose that increasing mRNA abundance 
during differentiation by increasing message stability pre- 
sents an interesting phenomenon awaiting further examina- 
tion. Future efforts should be particularly directed toward 
identifying common mRNA sequences that may function as 
stabilizing elements in the differentiation-induced mRNAs 
as well as identifying their regulatory binding proteins. 
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We report that the vanadium ligand L-Glu(y)HXM po- 
tentiates the capacity of free vanadium ions to activate 
glucose uptake and glucose metabolism in rat adipo- 
cytes in vitro (by 4-5-fold) and to lower blood glucose 
levels in hyperglycemic rats in vivo (by 5-7-fold). A mo- 
lar ratio of two L-Glu(y)HXM molecules to one vanadium 
ion was most effective. Unlike other vanadium ligands 
that potentiate the insulinomimetic actions of vana- 
dium, L-Glu(y)HXM partially activated lipogenesis in rat 
adipocytes in the absence of exogenous vanadium. This 
effect was not manifested by D-Glu(y)HXM. At 10-20 aim 
L-Glu(y)HXM, lipogenesis was activated 9-21%. This ef- 
fect was approximately 9-fold higher (140 ± 15% of max- 
imal insulin response) in adipocytes derived from rats 
that had been treated with vanadium for several days. 
Titration of vanadium(IV) with L-Glu(y)HXM led to a 
rapid decrease in the absorbance of vanadium (IV) at 765 
nm, and 51 V NMR spectroscopy revealed that the chem- 
ical shift of vanadium(IV) at -490 ppm disappeared with 
the appearance of a signal characteristic to vanadi- 
um(V) (-530 ppm) upon adding one equivalent of 
L-Glu(y)HXM. In summary, L-Glu(y)HXM is highly active 
in potentiating vanadium-activated glucose metabolism 
in vitro and in vivo and facilitating glucose metabolism 
in rat adipocytes in the absence of exogenous vanadium 
probably through conversion of trace intracellular va- 
nadium into an active insulinomimetic compound. We 
propose that the active species is either a 1:1 or 2:1 
L-Glu(y)HXM vanadium complex in which the endoge- 
nous vanadium(IV) has been altered to vanadium(V). 
Finally we demonstrate that L-Glu(y)HXM- and 
L-Glu(y)HXM*vanadium-evoked lipogenesis is arrested 
by wortmannin and that activation of glucose uptake in 
rat adipocytes is because of enhanced translocation of 
GLUT4 from low density microsomes to the plasma 
membrane. 



Intensive studies have been carried out during the last two 
decades on the insulinomimetic effects of vanadium (1-4). Va- 
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nadium salts mimic most of the effects of insulin on the main 
target tissues of the hormone in vitro and also induce normo- 
glycemia and improve glucose homeostasis in insulin-deficient 
(5-7) and insulin-resistant diabetic rodents in vivo (5-8). On 
the basic research frontier, data continue to accumulate show- 
ing that vanadium salts manifest their insulin-like metabolic 
effects through alternative pathways not involving insulin re- 
ceptor tyrosine kinase activation or phosphorylation of insulin 
receptor substrate 1 (9-19). The key events of this backup 
system appear to involve inhibition of protein-phosphotyrosine 
phosphatases and activation of nonreceptor protein-tyrosine 
kinases (20-23). 

Vanadium salts are seriously considered as a possible treat- 
ment for diabetes, and several clinical studies have already 
been performed. In those studies, because of its toxicity, only 
low doses of vanadium (2 mg/kg/day) were used. Although 
~ 20-fold lower than doses used in most animal studies, several 
beneficial effects were observed and documented (24-26). Any 
manipulation to elevate the insulinomimetic efficacy of vana- 
dium without increasing its toxicity is of major clinical interest 
for the future care of diabetes (reviewed in Ref. 27). 

Organically chelated vanadium compounds, such as 
vanadiunvacetylacetonate and vanadium-RL-252, 1 are more 
potent than free vanadium in facilitating insulin-like effects in 
rat adipocytes (28, 29). Similarly, chelated vanadium com- 
pounds such as bis(maltolato)oxovanadium and bis(picolina- 
to)oxovanadium are more effective than free vanadium in re- 
ducing circulating glucose levels in hyperglycemic streptozocin- 
treated rats (30-33). 

In the wake of these findings, we have continued our search 
for more effective vanadium binding agents. Of special interest 
to us were vanadium chelators that synergize with vanadium 
both in vivo (i.e. in streptozocin rats) and in vitro (i.e. in isolated 
rat adipocytes) and therefore enable us to gain insight into the 
basic mechanism(s) by which such compounds potentiate the 
insulinomimetic activity of vanadium. Specifically, we have 
studied hydroxamic acid derivatives. These compounds are in- 
volved in the microbial transport of iron and are therefore 
applied therapeutically in conditions of iron deficiency (34). 
They are also inhibitors of urease activity and have been used 
in the treatment of hepatic coma. Monoamino acid hydroxam- 
ates are simple, nontoxic derivatives of amino acids. D-Aspartic 
acid j3-hydroxamate was shown to have antitumoral activity on 
murine leukemia L5178Y, both in vitro and in vivo, and is 



1 The abbreviations used are: RL-252, l(CH 2 ) 2 -C-{CH 2 0-(CH 2 ) 2 -CO- 
NHCH(iBu)C0N0HCH2} 2 ]; L-Glu(y)HXM, L-glutamic acid y-monohy- 
droxamate; GLUT4, glucose transporter 4; PM, plasma membranes; 
LDM, low density microsomes; BSA, bovine serum albumin; V0C1 2 , 
vanadyl dichloride; NaV0 3 , sodium metavanadate. 
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Fig. 1. Increase in the lipogenic capacity of vanadium(V) following the addition of L-glutamic acid(y)monohydroxamate. Freshly 
prepared rat adipocytes (3 X 10 5 cells/ml) suspended in KRB buffer, pH 7.4, containing 0.7% BSA were preincubated for 10 min with the indicated 
concentrations of NaV0 3 , free Glu(<y)HXM, and a 1:1 complex of L-Glu(y)HXM-NaV0 3 . The cells were then supplemented with [U- 14 C]glucose, and 
lipogenesis was performed for 2 h at 37 °C. Radioactivity incorporated into extracted lipids was then determined. Maximal response (100%) is that 
obtained in the presence of 17 nM insulin. 



active against Friend leukemia cells in vitro as well (35). 
L-Glu(y)HXM is cytotoxic against L1210 cells in culture and 
remarkably antitumoral against L1210 leukemia and B16 mel- 
anoma in vivo (35, 36). 

EXPERIMENTAL PROCEDURES 

Materials— D-[U- 14 C]glucose and 2-deoxy-D-[G- 3 H]glucose were pur- 
chased from NEN Life Science Products. Collagenase type I (134 units/ 
mg) was obtained from Worthington. Porcine insulin was purchased 
from Eli Lilly Co. (Indianapolis, IN). Phloretin, 2-deoxyglucose, L-glutamic 
arid(y)-monohydroxamate, L-aspartic acid(/3)monohydroxamate, glycine hy- 
droxamate, i^isoleucme(a)hydroxamate, and L-tyrosine(a)hydroxamate 
were purchased from Sigma. RL-252 was prepared and characterized as 
described earlier (28). 

Krebs-Ringer bicarbonate (KRB) buffer (pH 7.4) contained 110 mM 
NaCl, 25 mM NaHC0 3 , 5 mM KC1, 1.2 mM KH 2 P0 4 , 1.3 mM CaCl 2 , 1.3 
mM MgS0 4 . Krebs-Ringer bicarbonate HEPES (KRBH) buffer (pH 7.4) 
consisted of 117 mM NaCl, 10 mM NaHC0 3 , 1 mM CaCl 2 , 1 mM MgS0 4 , 
4 mM KH 2 P0 4 , 30 mM HEPES. All other chemicals and reagents used in 
this study were of analytical grade. 

Streptozocin-treated Rats— Diabetes was induced by a single intra- 
venous injection of a freshly prepared solution of streptozocin (55 mg/kg 
body weight) in 0.1 M citrate buffer, pH 4.5 (9). The effect of the 
L-Glu(y)HXM- vanadium complex on blood glucose level was determined 
8 days after induction of diabetes by streptozocin. 

Cell Preparation and Bioassays — Rat adipocytes were prepared from 
the fat pads of male Wistar rats (130-150 g) by collagenase digestion 
according to the method of Rodbell (37). Cell preparations showed more 
than 95% viability by Trypan blue exclusion at least 3 h after digestion. 
All bioassays were performed as described in figure legends. Glucose 
transport was carried out using 2-deoxy-D-[G- 3 H]glucose uptake (38), 



and lipogenesis (the incorporation of U- 14 C-labeled glucose into lipids) 
was performed according to Moody et al. (39). Briefly, freshly prepared 
rat adipocytes were suspended in KRBH, 0.7% BSA buffer and divided 
into about 50 plastic vials. Each vial contained 0.5 ml of adipocyte 
suspension (about 1.5 X 10 G cells). These were incubated for 2 h at 37 °C 
under an atmosphere of 95% 0 2 , 5% C0 2 with 0.16 mM [U- 14 C] glucose. 
Each assay contained vials with and without 17 nM insulin and the 
various test compounds. Lipogenesis was terminated by adding toluene- 
based scintillation fluid, and the extracted lipids were counted (39). 
Results are expressed as a percent of maximal insulin response. Only 
assays in which insulin activated lipogenesis 5-6-fold above basal (ba- 
sal -4000 cpm/1.5 X 10 5 cells/2 h, V inBX3lin = 20,000-24,000 cpm/1.5 X 
10 5 cells/2 h) were taken into consideration. Insulin activated lipogen- 
esis in this assay at an ED 50 value of 33 ± 3 pM. A concentration of 0.3 
nM insulin and above already facilitated maximal (100%) response (i.e. 
Ref. 16). All assays were performed in duplicate or triplicate. 

Western Immunoblot Analysis of GLUT4 in Subcellular Membranes 
Following Stimulation of Rat Adipocytes— Adipocytes prepared from 
6-week-old rats were incubated with and without insulin and with 
L-Glu(y)HXM alone and complexed with vanadate as specified in the 
figure. Cells were then homogenized and fractionated to low density 
microsomal membrane (LDM) and plasma membrane (PM) fractions by 
differential ultracentrifugation according to Ref. 40. Membrane pro- 
teins were then solubilized in sample buffer for 30 min at 25 °C, re- 
solved on 10% SDS-polyacryl amide gel electrophoresis, transferred to 
nitrocellulose paper, and immunoblotted with anti-GLUT4 antisera 
(41). Visualization was performed by phosphoimaging. The relative 
intensity of bands corresponding to GLUT4 was quantitated using 
MacBas 1000. 

51 V NMR Spectroscopy— The 51 V NMR spectra were recorded on a 
200-MHz Bruker WPS4 (4.7T) spectrometer. Spectrum width of 16,000 
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Fig. 2. Stimulation of lipogenesis at varying molar ratios of 
L-Glu(y)HXM to vanadium(V). Freshly prepared rat adipocytes (3 x 
10 5 cells/ml) suspended in KRB buffer, pH 7.4, containing 0.7% BSA 
were preincubated for 10 min with the indicated concentrations of 1:1 to 
3:1 molar stoichiometry of L-Glu(y)HXM to NaV0 3 or with free 
NaV0 3 (V) and free L-Glu(y)HXM. The cells were then supplemented 
with [U- l4 C]glucose, and lipogenesis was performed for 2 h at 37 °C. 
Radioactivity incorporated into extracted lipids was then determined. 
Maximal response (100%) is that obtained in the presence of 17 nM 
insulin. 



H 3 , a 90° pulse angle, and an accumulation time of 0.28 were used. The 
chemical shifts are reported relative to the external reference standard 
VOC1 2 (-490 ppm). 

RESULTS 

L-Glutamic Acid(y)Monohydroxamate Potentiates Vanadi- 
um-evoked Lipogenesis in Rat Adipocytes — In this set of exper- 
iments, rat adipocytes were incubated for 10-20 min with 
submaximal concentrations of vanadate (10-30 um), 
L-Glu(y)HXM (10-30 im) y or an equimolar combination of 
them. The capacity to activate lipogenesis relative to insulin 
was then determined. As shown in Fig. 1, the combination was 
highly synergistic. For example, at 10 um vanadate or 
L-Glu(y)HXM, lipogenesis was 17 ± 3 and 9 ± 2%, respectively, 
whereas the combination produced a marked incredible 93 ± 
4% activation of maximal insulin response. At 20 um, the extent 
of lipogenesis was 37 ± 3, 20 ± 3, and 121 ± 7%, and at 30 /im, 
it was 42 ± 4, 23 ± 4, and 143 ± 7% of maximal. Wortmannin 
(100 nM), an inhibitor of phosphatidylinositol 3-kinase, fully 
blocked the activating effects of vanadate, L-Glu(y)HXM, and 
its combination with vanadate (Fig. 1, right columns). Thus 
L-Glu(y)HXM potentiated vanadate-evoked lipogenesis about 
3. 5-5 -fold; the higher concentrations reached a level that is 
about 140% of that achieved by saturating concentrations of, 
insulin or vanadate. A finding of significant interest to us was 
the ability of L-Glu(y)HXM to partially activate lipogenesis 
even in the absence of exogenous vanadium (Fig. 1). This find- 
ing is examined in great detail in connection with Fig. 6. 

In Fig. 2, lipogenesis in rat adipocytes was evaluated at a 
fixed, low concentration of vanadate (5 um) with increasing 
concentrations of L-Glu(y)HXM. Lipogenesis was negligible at 5 
/i,M vanadate or L-Glu(y)HXM alone (4-6% of maximal insulin 
effect) but is augmented to 27.0 ± 3% when they were given in 
combination (at a molar stoichiometry of 1:1). At 2:1 and 3:1 
Glu(y)HXM-vanadium molar stoichiometry, lipogenesis ex- 
panded to 43 and 57%, respectively, of maximal response. Thus 




NaVO 3 (20ixM) + - + 

L-Glu(tfHXM (40 uM) + + 

Fig. 3. Potentiation of hexose uptake by L-Glu(y)HXM vanadiu m 
(2:1). Adipocytes (2 X 10 6 cells/ml) suspended in KRBH buffer containing 
1% BSA were preincubated in the presence and absence of insulin (17 nM), 
sodium metavanadate (20 jam), L-Glu(y)HXM (40 ^lm), and their combination 
(at 1:2 molar stoichiometry). Aliquots (70 jil) were transferred into tubes 
containing 2-deoxy-D- [6- 3 H]glucose (0.1 mM final concentration). Phloretin 
(0.1 mM) was added after 3 min for transport termination. This was followed 
by centrifugation of aliquots through a silicone layer. 



a substantial synergistic effect is obtained at a 1:1 molar ratio 
and is increased further at a 2:1 molar stoichiometry and even 
higher, though much less pronounced, at a 3:1 molar ratio 
(Fig. 2). 

L-Glu(y)HXM Potentiates Vanadate-evoked Glucose Up- 
take—Fig. 3 shows activation of 2-deoxyglucose uptake by low 
concentrations of vanadate (20 /llm), l-G1u(7)HXM (40 jam), and 
by the 2:1 molar combination, of them. 2-Deoxyglucose under- 
goes insulin- or vanadate-evoked influx into the cell via the 
same transporters as glucose and is phosphorylated in situ to 
2-deoxyglucose 6-phosphate with no further metabolism (42, 
43). Therefore, this measurement reflects an effect on glucose 
entry into the cell in a manner largely independent of the 
metabolism of the endogenous saccharide. Vanadate (20 jjlm) 
and L-Glu(y)HXM (40 yM) affected 2-deoxyglucose uptake of 
7 ± 0.7 and 31 ± 4% of maximal insulin effect, respectively. 
Together they caused 2-deoxyglucose uptake 117 ± 9% of max- 
imal insulin response (Fig. 3). 

L-Glu(y)HXM Alone and L-Glu(y)HXM-Vanadate Lead to 
Translocation of GLUT4 from LDM to PM Fractions in Rat 
Adipocytes— Incubation of rat adipocytes with L-Glu(y)HXM 
and L-Glu(y)HXM-vanadate led to a decrease in the content of 
GLUT4 in the LDM fraction and an increase in the PM fraction 
(Fig. 4). The decrease in GLUT4 content in the low density 
lipoprotein fraction amounted to 32 ± 3, 3 ± 1, and 68 ± 5% of 
maximal insulin response upon incubating the cells with 
L-Glu(y)HXM (40 /xm), vanadate (20 uM, not shown), and the 
combination, respectively (calculated from Fig. 4). Under sim- 
ilar experimental conditions, L-Glu(y)HXM, vanadate, and the 
combination activated 2-deoxyglucose uptake to an extent of 
31±4,7±0.7, and 117 ± 9% of maximal insulin response (Fig. 
3), suggesting a contributing effect of the complex to glucose 
influx in addition to its effect in recruiting GLUT4 transporters 
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Fig. 4. L-Glu(y)HXM alone or complexed with vanadate induces translocation of GLUT4 from LDM to PM fraction in rat 
adipocytes. Rat adipocytes were incubated for 30 min at 37 °C in the presence and the absence of insulin (17 nM) and the indicated concentrations 
of l-G1u(7)HXM or L-Glu(y)HXM*vanadate. Cells were then homogenized and fractionated to PM and LDM by differential ultracentrifugation, and 
GLUT4 protein was identified by Western immunoblot analysis ("Experimental Procedures"). Immunoreactive GLUT4 proteins were visualized by 
phosphoimaging (top panels) and were quantitated using MacBas 1000 software (histograms, bottom panels). 



from the low density lipoprotein to the PM fraction. 2 

L-Glu(y)HXM-Vanadate Normalizes Blood Glucose Levels in 
Streptozocin-treated Diabetic Rats — In the experiments sum- 
marized in Fig. 5, streptozocin-treated rats received intraperi- 
toneally sodium metavanadate (0.05 mmol/kg body weight), 
L-Glu(y)HXM (0.1 mmol/kg body weight), or a combination of 
the two compounds 8 days after the induction of diabetes. As 
shown in the figure, vanadate and L-Glu(y)HXM, at these con- 
centrations, had a rather minor effect in reducing the high 
circulating, glucose levels characterizing these hyperglycemic 
rats. The combination, however, was highly efficient at normal- 
izing blood glucose levels. Normoglycemia was evident 1 day 
after the first administration and remained so following two 
more administrations. The glucose levels then remained close 



2 1. Goidwaser, J. Li, E. Gershonov, M. Armoni, E. Karnieli, M. 
Fridkin, and Y. Shechter, manuscript in preparation. 



to normal for the next 3 days (Fig. 5). 

Activation of Lipogenesis in Rat Adipocytes by L-Glu(y)HXM in 
the Absence of Exogeneous Vanadium — L-glutamic acid(y)HXM 
also activated lipogenesis in the absence of added vanadium, and 
this effect was studied in detail (Fig. 6). The dose-response curve 
(Fig. 6A) indicates that activation is already evident at 5 /im 
L-Glu(y)HXM and that higher concentrations reach a level of 40 ± 
7% of maximal insulin response (median effective dose = 35 ± 4 
pM). Other amino acid hydroxamates such as LrTyr(a)HXM, 
Gly(a)HXM, and L-Ile(a)HXM also activated lipogenesis, but they 
were considerably less potent (ED^ = 250 ± 30 /im, 40 ± 5% of 
maximal insulin effect). L-Aspartic acid 0-monohydroxamate 
showed higher lipogenic activity compared with the a-amino acid 
hydroxamates and was slightly less potent than l-G1u(7)HXM 
(EDgo = 45 ± 7 pM, Fig. 6B). N-acetyl-L-Glu(y)HXM and 
L-Glu(y)HXM-a-methyl ester were virtually ineffective, indicating 
the need for a free a-amino and, to a somewhat lesser extent, a free 
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a-carboxyl moiety for the activation of lipogenesis by L-Glu(y)HXM 
in the rat adipose cell (Fig. 6C). Stereospecificity appears crucial as 
well, because the D-isomer of Glu(y)HXM was ineffective. All these 




Time(days) 

Fig. 5. Effect of L-Glu(y)HXM-vanadate administration on 
blood glucose levels of streptozocin-treated rats. Male Wistar 
rats, 8 days after induction of diabetes (circulating glucose levels 310- 
340 mg/dalton), were divided into several groups. At the time points 
indicated by the arrows (intraperitoneal, at 11:00 a.m.), groups of dia- 
betic rats received either vanadate (0.05 mmol/kg body weight •), 
L-Glu(y)HXM (0.1 mmol/kg body weight □), L-Glu(7)HXM (0.1 mmol/kg) 
and vanadate (0.05 mmol/kg, A), or none (■). Circulating glucose levels 
were determined daily (at 8.00 a.m.). Each point in the figure repre- 
sents the arithmetic mean of plasma glucose for 5 rats. The dashed line 
indicates the arithmetic mean of plasma glucose of control healthy male 
Wistar rats. 



findings indicate that activation of lipogenesis by L-Glu(y)HXM 
depends on a specific entry of this L-amino acid analog into the 
adipose cell. Further investigation has led us to suggest that 
L-Glu(y)HXM enters the adipose cell primarily through the non- 
Na + -dependent glutamine transport system. 2 

Several organic chelators, which potentiate the insulinomi- 
metic activity of vanadium either in vitro or in vivo, have been 
documented. These include acetylacetonate (29), maltol (30, 
31), picolinate (32, 33), and RL-252 (28). In Fig. 6D, we have 
examined whether they are capable of activating lipogenesis in 
the absence of exogenous vanadium. Unlike L-Glu(y)HXM, 
none of these agents were able to activate lipogenesis in the rat 
adipose cell at concentrations of 100 (Fig. 6D) or lower (not 
shown). 

Extensive Potentiation of L-Glu(y)HXM-evoked Lipogenesis in 
Rat Adipocytes in Vitro Following Enrichment with Vanadium 
in Vivo— The findings presented in Figs. 1-4 have taught us 
that L-Glu(y)HXM potentiates the insulinomimetic potency of 
vanadium and that activation of lipogenesis by L-Glu(y)HXM 
alone never exceeds 40 ± 7% of maximal insulin effect (Fig. 6). 
To examine whether L-Glu(y)HXM-evoked lipogenesis can be 
affected by the level of intracellular vanadium, a group of male 
Wistar rats received daily subcutaneous administrations of 
vanadate (0.1 mmol/kg/day) over a period of 5 days to raise the 
level of endogenous vanadium. Rats were then sacrificed 7 h 
after the last administration. Adipocytes were prepared, and 
the effect of L-Glu(y)HXM on lipogenesis was compared with 
that in nontreated freshly prepared adipocytes. As shown in 
Fig. 7, vanadium-enriched adipocytes became dramatically 
sensitive to L-Glu(y)HXM-evoked lipogenesis. This was valid 
both in terms of a leftward shift in the dose-response curve to 
L-Glu(y)HXM (EDgQ = 6.4 ± 0.3 fiM versus ED 50 = 35 ± 4 in 
control adipocytes) and in terms of the degree of lipogenesis 
(145 ± 15 versus 40 ± 7% of maximal insulin response, i.e. Fig. 
6). At 10 aim, L-Glu(y)HXM already stimulated lipogenesisand 
amounted to 120% of maximal insulin effect in the vanadium- 
enriched adipose cells (as opposed to only 8.0 ± 1.5% in control 
adipocytes) (Fig. 7). 



U 9 

II 

§! 

c 1 

i i 

"II 



L-Glu(y)HXM 




B 



L-Tyr(a)HXM 
Gly(a)HXM 
L-neu(a)HXM 



L-ASP(B)HXM 




L-G1u(y)HXM 



ED 50 = 
250±30mM 



L-G1u(y)HXM 



U3Iu(y)HXM-C0CH 3 



2 5 10 20 100 5001000 2 5 10 




.5 

s 




Concentration (uM) 

Fig. 6. Activation of lipogenesis by L-Glu(y)HXM in the absence of exogenous vanadium. Comparison to other amino 
acid(a)hydroxamates and ineffectiveness of the D-isomer and of chemically modified L-Glu(y)HXM derivatives. Freshly prepared adipocytes (3 X 
10 5 cells/ml) suspended in KRB buffer, pH 7.4, containing 0.7% BSA were preincubated for 10 min with the indicated concentrations of the various 
test compounds. The cells were then supplemented with [U- 14 C]glucose (final concentration 0.16 mM), and lipogenesis was performed for 2 h at' 
37 °C. Radioactivity incorporated into extracted lipids was then determined. Maximal response (100%) is that obtained in the presence of 17 nM 
insulin. 
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Fig. 7. Activation of lipogenesis by 
L-Glu(y)HXM. Comparison between nor- 
mal adipocytes and vanadium-enriched 
adipocytes. Male Wis tar rats received 
daily subcutaneously injected NaV0 3 
(O.lmmol/kg/day) for 5 days (called en- 
riched vanadium rats). The rats were 
then sacrificed (7 h after the last admin- 
istration). Lipogenesis was performed 
comparing the freshly prepared rat adipo- 
cytes (3 X 10 s cells/ml) from nonenriched 
vanadium rats with the enriched ones 
suspended in KRB buffer, pH 7.4, con- 
taining 0.7% BSA. The cells were prein- 
cubated for 10 min with the indicated con- 
centrations of l-G1u(7)HXM. The cells 
were then supplemented with [U- 14 CJglu- 
cose, and lipogenesis was performed for 
2 h at 37 °C. Radioactivity incorporated 
into extracted lipids was then deter- 
mined. Maximal response (100%) is that 
obtained in the presence of 17 nM insulin. 
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Fig. 8. 51 V NMR spectra of vanadium (V), vanadium(IV), and a mixture of vanadium(IV) with L-Glu(y)monohydroxamate. A, 6l V 

NMR spectrum of sodium metavanadate (20 mM, pH 7.1); B, 51 V NMR spectrum of vanadium dichloride(IV) (20 mM, pH 6.8); C, 61 V NMR spectrum 
of a mixture (1:1 molar ratio) of V0C1 2 (IV) and L-Glu(y)HXM (20 mM, pH 7.0). Spectra were monitored with fresh solutions. In C, the spectrum was 
monitored 5 min after the addition of L-Glu(y)HXM to VOCl 2 . 



Spectroscopic Studies — Previously we found in cell-free ex- 
periments that vanadium(IV), at neutral pH values, undergoes 
slow spontaneous oxidation to vanadium(V). This occurs simi- 
larly in the presence of 10 mM reduced glutathione, an ineffec- 
tual reductant of vanadium(V), at neutral pH values with a 
value of 1 ± 0.1 h at 25 °C (29). The results summarized in Fig. 
8 show the V 51 NMR spectra of vanadium dichloride(IV) at pH 
7.0 prior to and after the addition of L-Glu(y)HXM. Vanadium 
dichloride(IV) appeared as a single peak with a chemical shift 
of -490 ppm in its 51 V spectrum, indicating one main species 
present at >95% purity. Upon the addition of l-G1u(?)HXM (1 



equivalent), the chemical shift of vanadium(IV) at -490 ppm 
disappeared within minutes and the principal chemical shift 
characterizing vanadium(V) at -530 ppm appeared (Fig. 8). 

Vanadium(IV) (i.e. vanadyl sulphate or VOCl 2 ) has a char- 
acteristic "blue" absorbance with e 765 nm = 14 ± 0.3, whereas 
vanadium(V) does not absorb at all at this wavelength (29). The 
addition of 2-3 equivalents of L-Glu(y)HXM to VOCl 2 (IV) (50 
mM at pH 7.5) led rapidly to a near total decrease in vanadi- 
um(IV) absorbance at 765 nm (Fig. 9). Fig. 8B depicts complex 
formation as a function of the pH in the range of pH 2-9. 
Decrease is minimal at pH 4.0, quite significant at pH 5.0, 



L-Glu(y)HXM Potentiates Vanadium-evoked Glucose Metabolism 



26623 



Fig. 9. Decrease in absorbance of 
vanadium (IV) at 765 nm upon addi- 
tion of L-Glu(y)HXM. Effect of pH: A, 
left column, absorbance of V0C1 2 alone 
(50 mM in H 2 0); right column, absorbance 
of V0C1 2 (50 mM) and L-Glu(y)HXM (150 
mM) titrated with NaHC0 3 to pH 7.4. B, 
samples of V0C1 2 (50 mM) and 
l-G1u(t)HXM (100 mM) in H 2 0 were ti- 
trated either with HC1 or with NaHC0 3 
before absorbance at 765 nm and were 
monitored to obtain the pH values indi- 
cated in the figure. L-Glu(y)HXM alone 
does not absorb at 765 nm. Vanadium 
dichloride alone, which tends to precipi- 
tate at neutral pH values, remains com- 
pletely soluble at all pH values in the 
presence of two or more equivalents of 
l-G1u( 7 )HXM. 
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half-maximal at pH 5.7, and reaches a stable plateau at pH 
range 7-9 (Fig. 9B). 

DISCUSSION 

It has been consistently observed that chelated vanadium 
compounds are more potent than the free metaloxide in facili- 
tating the metabolic actions of insulin. This was demonstrated 
in vitro with systems like rat adipocytes, as well as in diabetic 
rodents such as strep tozocin-treated hyperglycemic rats (28- 
33, 44). Because of the variations in the experimental models 
used, the oxidation state of vanadium applied, and the different 
administration modes, the basis for the higher insulinomimetic 
potencies of complexed vanadium remained rather speculative. 
Because this topic has immediate therapeutic relevance, we 
looked for new vanadium chelators characterized by: (a) higher 
synergistic potencies than previously documented for vana- 
dium chelators with respect to vanadium-evoked glucose up- 
take and glucose metabolism both in vitro and in diabetic rats 
in vivo, (b) low indices of toxicity, and (c) reasonable solubility 
in aqueous, neutral media after complexation with vanadium. 

In this study, we have introduced the L-isomer of glutamic 
acid(y)monohydroxamate as it satisfactorily fulfilled the above 
criteria. It potentiated vanadium-activated hexose uptake, glu- 
cose metabolism, and recruitment of GLUT4 transporters from 
LDM to PM fractions (Figs. 1-4). In vivo it potentiated the 
efficacy of vanadium to lower blood glucose levels in streptozo- 
cin rats (Fig. 5). This amino acid analog has negligible toxicity 
in mammals. 2 Both L-Glu(y)HXM alone and its complexes with 
vanadium are fairly soluble in aqueous media at neutral pH 
values. An important finding was that L-Glu(y)HXM alone, in 
the absence of exogenous vanadium, showed a reasonable 
amount of insulinomimetic activity in that it activated glucose 
uptake and glucose metabolism in the rat adipose cell (Figs. 
1-3). Further investigation revealed that this activating effect 
is unique to the L-isomer of Glu(y)HXM but is not facilitated by 
the D-isomer. Nonmodified a-amino and a-carboxyl moieties 
appear essential. This intrinsic activity is exclusive to 
L-Glu(y)HXM not being shared by any of the other vanadium 
chelators that potentiate the actions of vanadium in vivo or in 
vitro (Fig. 6, A-D, and Refs. 28-33). Our assumption that 
L-Glu(-y)HXM permeates into the cell interior and transforms 
the "dormant" intracellular vanadium pool into an insulinomi- 
metic-activated species gains credence from the dramatic sen- 



sitization of vanadium-enriched adipocytes to L-Glu(y)HXM- 
evoked lipogenesis (Fig. 7). 

It should be mentioned at this point that because of the 
extreme complexity of aqueous vanadium chemistry (reviewed 
in Refs. 46-49), the intracellular milieu of the mammalian cell 
is still "a black box" with respect to the state and the form of 
entered vanadium. With the endogenously present vanadium 
pool, experiments have shown that it exists mostly as vanadi- 
um(IV), though some researchers may wonder even about this 
experimental finding because vanadium in its IV oxidation 
state is only stable at acidic pH values (pH < 3.0) and readily 
oxidizes to vanadium(V) at neutral pH even in the presence of 
high glutathione concentrations (28, 46). The intracellular va- 
nadium pool, however, can be preserved in its IV oxidation 
form at neutral pH values if it is chelated by ascorbic acid (not 
shown) or to endogenous proteins (50, 51). At the low physio- 
logical level of intracellular vanadium, the cell should have the 
capacity to chelate all the endogenous vanadium. 

Our experimental findings that l-G1u(7)HXM alone en- 
hances glucose uptake and glucose metabolism (Figs. 1 and 2) 
together with the apparent rapid conversion of vanadium(IV) 
to vanadium(V) upon complexation (Figs. 8 and 9) strongly 
support the contention that vanadium(V) rather than vanadi- 
um(IV), and in a chelated form, is the active insulinomimetic 
species that facilitates the activation of glucose uptake and its 
metabolism in rat adipocytes. Although most of our previous 
cell-free experiments support this conclusion, we were not fully 
convinced prior to the completion of this study. This is because 
protein phospho tyrosine phosphatases (with p-nitrophe- 
nylphosphate as a substrate) are inhibited by both vanadi- 
um(IV) and vanadium(V), free or chelated, at nearly the same 
concentrations (see Ref. 52). On the other hand, adipose non- 
receptor protein-tyrosine kinases, whether cytosolic or mem- 
branal, are with one exception activated by vanadium(V) but 
not at all by vanadium(IV) (22, 23). We have only observed 
vanadium(IV)-evoked activation of nonreceptor protein-tyro- 
sine kinases when membranal protein phosphotyrosine phos- 
phatases were extracted with Triton X-100 and added to the 
cytosolic protein-tyrosine kinase fraction (29). These experi- 
mental conditions, however, are not likely to occur in the intact 
cell system. For example, broken plasma membrane fragments 
(or deoxycholate-treated membranal fragments) did not sup- 
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port activation of cytosolic protein-tyrosine kinases in the pres- 
ence of vanadium(IV) (29). 

In summary, L-Glu(y)HXM appears superior to previously 
documented organic chelators of vanadium in potentiating its 
activation of glucose uptake and glucose metabolism in vitro 
and in vivo. Taken together with earlier studies, this may be 
attributed to one or more of the following: (a) increased effi- 
ciency of this specific combination to permeate into cells or 
tissues; (6) a favorable 5-coordinated, rather than octahedral 
topography of this complex in an aqueous, neutral environment 
(Ref. 50 ); 2 and/or (c) higher intracellular stability of the 
L-Glu(y)HXM-vanadium complex. Finally, we have recently ob- 
served that vanadate does not inhibit alkaline phosphatase in 
the presence of l-G1u(7>HXM. 2 This inhibitory effect of vana- 
date (53) is undesirable from our point of view as it may 
contribute to vanadium toxicity in mammals, but not to the 
efficacy of vanadium to manifest the metabolic actions of insu- 
lin (reviewed in Ref. 54). This and other basic and diabetologi- 
cal aspects raised here are being further investigated. 
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ABSTRACT 

Circulating leptin secreted from adipocytes is correlated with fat 
mass and plasma insulin concentrations in humans and rodents. 
Plasma leptin, insulin, and glucose decrease during fasting and in- 
crease after refeeding; however, the underlying mechanisms regu- 
lating the changes of leptin secretion are not known. To investigate 
the role of insulin-stimulated glucose metabolism in the regulation of 
leptin secretion, we examined the effects of insulin and inhibitors of 
glucose transport and metabolism on leptin secretion from rat adi- 
pocytes in primary culture. Insulin (0.16-16 nM) increased leptin 
secretion over 96 h; however, the increase in leptin was more closely 
related to the amount of glucose taken up by the adipocytes (r - 0.64; 
P < 0.0001) than to the insulin concentration per se (r = 0.20; P < 
0.28), suggesting a role for glucose transport and/or metabolism in 
regulating leptin secretion. 

2-Deoxy-D-glucose (2-DG), a competitive inhibitor of glucose trans- 
port and phosphorylation, caused a concentration-dependent (2-50 
mg/dl) inhibition of leptin release in the presence of 1.6 nM insulin. 
The inhibitory effect of 2-DG was reversed by high concentrations of 



glucose. Two other inhibitors of glucose transport, phloretin (0.05- 
0.25 mM) and cytochalasin-B (0.5-50 jim), also inhibited leptin secre- 
tion. Inhibition of leptin secretion by these agents was proportional 
to the inhibition of glucose uptake (r = 0.60 to 0.86; all P < 0.01). Two 
inhibitors of glycolysis, iodoacetate (0.005-1.0 mM) and sodium flu- 
oride (0.1-5 mM), produced concentration-dependent inhibition of lep- 
tin secretion in the presence of 1.6 nM insulin. In addition, both 2-DG 
and sodium fluoride markedly decreased the leptin (ob) messenger 
RNA content of cultured adipocytes, but did not affect 18S ribosomal 
RNA content. 

We conclude that glucose transport and metabolism are important 
factors in the regulation of leptin expression and secretion and that 
the effect of insulin to increase adipocyte glucose utilization is likely 
to contribute to insulin-stimulated leptin secretion. Thus, in vivo, 
decreased adipose glucose metabolism may be one mechanism by 
which fasting decreases circulating leptin, whereas increased adipose 
glucose metabolism would increase leptin after refeeding. (Endocri- 
nology 139: 551-558, 1998) 



THE ADIPOCYTE hormone, leptin is implicated in the 
regulation of food intake, energy expenditure, and 
body fat stores (1). Circulating leptin decreases after fasting 
or caloric restriction in both humans (2-4) and rodents (5-7), 
and increases a number of hours after refeeding (3, 6). In 
humans, there is a nocturnal rise of plasma leptin (8), which 
has been hypothesized to be due to a delayed effect of insulin 
released during earlier meals. Consistent with this hypoth- 
esis, insulin increases expression of the ob gene in rodents 
(9-11) and in adipocytes in vitro (12, 13) after a number of 
hours. In humans, plasma insulin and leptin concentrations 
decrease in parallel after weight loss, independently of 
changes of adiposity (14), Furthermore, plasma leptin is neg- 
atively correlated with insulin sensitivity independently of 
adiposity in subjects with impaired glucose tolerance (15). 

Short term insulin administration does not affect plasma 
leptin concentrations in human subjects (16, 17), but in- 
creases in circulating leptin have been reported after 4-6 h 
of high dose insulin administration (18, 19). These studies by 
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necessity require the infusion of large amounts of glucose to 
prevent hypoglycemia. Similarly, prolonged hyperglycemia 
in response to extended glucose infusions increases plasma 
leptin after several hours in nonhuman primates (20) and 
human subjects (21); however, glucose administration also 
markedly increases endogenous insulin levels. Therefore, the 
role of insulin per se on the adipocyte vs. the effect of insulin 
to increase glucose flux into adipocytes was not addressed by 
these experiments. 

Several lines of evidence have led us to hypothesize that 
glucose is an important regulator of leptin expression and 
secretion. First, increases in ob messenger RNA (mRNA) after 
glucose administration in mice are more closely related to 
plasma glucose concentrations than to plasma insulin con- 
centrations (22). Second, infusion of small amounts of glu- 
cose to prevent the decline of glycemia during fasting in 
humans also prevents the decrease in plasma leptin (2). 
Third, the decrease in plasma leptin during marked caloric 
restriction in humans is better correlated with the decrease 
in plasma glucose than with changes in insulinemia (4). 
Fourth, we have found that low plasma leptin levels in strep- 
tozotocin diabetic rats are acutely increased by insulin ad- 
ministration in proportion to the degree of glucose lowering 
(23). Lastly, lowering plasma glucose concentrations in hy- 
perglycemic insulin-dependent diabetic human subjects by 
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infusing insulin at rates that produced physiological insu- 
linemia increases circulating leptin (24). 

To investigate the mechanisms by which glucose influ- 
ences leptin secretion, we adapted and modified an in vitro 
system for culturing rat adipocytes in which. the adipocytes 
are anchored in a defined mixture of extracellular matrix 
components (25) This matrix, Matrigel, appears to simulate 
normal basement membrane attachment of cells and may 
allow cell to cell interactions between adipocytes. Cells cul- 
tured in this system are, therefore, in an environment closer 
to their normal physiological milieu than in systems where 
adipocytes are free floating in the culture medium. Adipo- 
cytes cultured on Matrigel have been shown to maintain 
many of their differentiated characteristics and, in contrast 
with free-floating adipocytes, show no sign of dedifferenti- 
ation after 6 days of culture (25, 26). With this system we have 
investigated the regulation of leptin secretion by glucose and 
insulin and the effects of inhibitors of adipocyte glucose 
transport and metabolism on leptin secretion. The leptin (ob) 
mRNA content of the adipocytes after culture with insulin 
and inhibitors was also examined. 

Materials and Methods 

Materials 

DMEM and FBS were purchased from Life Technologies (Grand 
Island, NY). The media were supplemented with 6 ml each of MEM 
nonessential amino acids, penicillin/ streptomycin (5000 U/ml/5000 
jig /ml), and nystatin (10,000 U/ml; all from Life Technologies) per 500 
ml DMEM. BSA fraction V, HEPES, collagenase (Clostridium histolyticum; 
type II, Sigma Chemical Co., St. Lousi, MO; SA, 456 U/mg), insulin, 
D-glucose, sodium fluoride (NaFl), phloretin, iodoacetate, and fructose 
were purchased from Sigma Chemical Co. Matrigel matrix was pur- 
chased from Becton Dickinson (Franklin Lakes, NJ). 2-Deoxy-o-glucose 
(2-DG) was obtained from U.S. Biochemical Corp. (Cleveland, OH). 
Six-well Falcon tissue culture plates were purchased from Fisher Sci- 
entific (Pittsburgh, PA). Nylon filters were purchased from Tetko (Kan- 
sas City, MO). 

Animals 

Male Sprague-Dawley rats were obtained from Charles River (Wilm- 
ington, MA). Animals were housed in hanging wire cages in temper- 
ature controlled rooms (22-24 C) with a 12-h light-dark cycle and fed 
Purina chow diet (Ralston-Purina, St. Louis, MO) and given deionized 
water ad libitum. The study protocol was approved by the University of 
California-Davis animal care and use committee. 



Cell isolation /preparation 

Adipocytes were prepared from epididymal fat pads of male Spra- 
gue-Dawley rats (300-600 g) anesthetized with halothane. Epididymal 
fat depots were resected under aseptic conditions, and adipocytes were 
isolated by collagenase digestion according to the Rodbell procedure 
(27) with minor modifications as described below. The fat pads were 
minced into pieces in Krebs-Ringer HEPES buffer (pH 7.4; containing 5 
mM D-glucose, 2% BSA, 135 mM NaCl, 2.2 mM CaCl 2 .2H 2 0, 1.25 mM 
MgS0 4 -7H 2 0, 0.45 mM KH 2 P0 4 , 2.17 mM Na 2 HP0 4 , and 10 mM HEPES). 
Adipose tissue fragments were digested in the same buffer in the pres- 
ence of type II collagenase (2.5 mg/2 ml buff erg tissue) at 37 C with 
gentle shaking at 60 cycles/min for 45 min. The resulting cell suspension 
was diluted in 24 ml cold HEPES-phosphate buffer. Isolated adipocytes 
were separated from undigested tissue by filtration through a 400-/xm 
nylon mesh and washed three times. For washing, cells were centrifuged 
at 500 rpm for 5 min. Each time the infranatant was discarded, and the 
adipocytes were resuspended in Krebs-Ringer HEPES buffer, with the 
final wash being in 0, 5, or 10 mM glucose culture medium supplemented 



with 1% or 5% FBS. The isolated adipocytes were then incubated for 30 
min at 37 C before being plated in Matrigel-coated culture plates. 

Adipocyte culture 

Matrigel was thawed on ice to a liquid and uniformly applied to the 
surface of the culture dish (300 /xl Matrigel/35-mm well). After the 
incubation, 150 ul of the adipocyte suspension (2:1 ratio of packed cells 
to medium) were plated on the liquid matrix. The warmth of the cells 
and buffer caused the Matrigel to gel around the adipocytes, effectively 
anchoring them to the culture dish. After a 30-min incubation at 37 C, 
2 ml warm culture medium supplemented with FBS were added. The 
cells were maintained in an incubator at 37 C in 6% C0 2 for 96 h. 

The initial medium concentration of glucose for the cultures con- 
ducted in the insulin dose-response experiment was 10.0-10.5 mM (180- 
190 mg/dl) to ensure that the cells would not deplete the glucose supply 
during the 96-h incubation when higher concentrations of insulin were 
used. Only 1% FBS was used in the insulin dose-response study to 
minimize the small amount of insulin present in the serum, which at 1% 
was less than 0.1 fiU/ml. In the fructose study, medium made with 
glucose-free DMEM and 1% fetal serum was used to minimize the 
amount of glucose available to the adipocytes (<0.1 mmol /liter). How- 
ever, it was not possible to eliminate all glucose from culture preparation 
because the Matrigel matrix itself contains —4.2 mmol/ liter glucose. For 
the fructose experiment, the Matrigel was diluted 1:2 with glucose-free 
medium to approximately 1.5 mmol /liter glucose. 

In the other experiments with inhibitors of glucose transport, 2-DG 
(28), phloretin (29), and cytochalasin B (30), or with inhibitors of gly- * 
colysis, iodoacetate (31), and NaFl (32), the initial medium glucose 
concentration was (5.0-5.5 mM; 90-100 mg/dl) with 5% fetal serum. 
These agents were used at concentrations at or below those typically 
employed to inhibit glucose transport or glycolysis in adipocytes (28- 
32). Cytochalasin B was initially dissolved in ethanol and diluted to 0.5% 
ethanol in the well with the highest dose. Therefore, the medium in all 
wells in the cytochalasin B experiment was equalized to 0.5% ethanol. 
Aliquots of adipocytes from each animal were divided into wells with 
the responses to insulin, the various inhibitors, or fructose being com- 
pared with those of an appropriate control well containing adipocytes 
from the same animal. In a preliminary insulin dose-response study, we 
found that medium leptin concentrations in the presence of insulin were 
not increased over those in control medium (no insulin) until after 24 h 
of incubation. Therefore, for the remainder of the studies, 300-/il samples 
(15% of the medium volume) were collected at 24, 48, 72, and 96 h and 
replaced with 300 /il fresh medium containing the appropriate concen- 
trations of glucose, insulin, and /or inhibitors. Cultures were observed 
daily with a phase contrast microscope. After 96 h, a subset of the culture 
plates was frozen until analyzed for leptin (ob) mRNA content by 
Northern blot. 

Assays 

Leptin concentrations in the medium were determined with a sen- 
sitive and specific RIA for mouse leptin as previously described (7) 
(Linco Research, St. Charles, MO). Leptin concentrations in medium 
from cultured rat adipocytes measured with this assay are very similar 
to those obtained with a newly developed assay specific for rat leptin. 
With the rat-specific assay, measured leptin concentrations in culture 
medium were 86 ± 3% of the mouse values and were highly correlated 
between the two assays (r = 0.97; P < 0.0001; unpublished data). There- 
fore, measurements of rat leptin made with the mouse assay provide a 
reliable measurement of leptin concentrations. The intra- and interassay 
coefficients of variation for this assay are 4.0% and 11.2%, respectively 
(7). The antibody used in the assay does not cross-react with insulin, 
proinsulin, glucagon, pancreatic polypeptide or somatostatin. Glucose 
and lactate were measured with a YSI glucose analyzer (model 2300, 
Yellow Springs Instruments, Yellow Springs, OH). 

Northern blot procedure 

The following procedures were performed on culture plates incu- 
bated with 5 mM glucose and 5% fetal serum alone (control), 1.6 nM 
insulin, and 1.6 nM insulin with 10 mg/dl 2-DG or 1 mM NaFl for 48 and 
96 h. Northern blot analysis was performed as previously described (33). 
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In brief, 1 ml RNAzol B (Tel-Test, Friendswood, TX) was added directly 
to the wells containing the adipocytes and matrix. The solution was 
repetitively taken in and expelled from the pipette to maximize disso- 
lution of the adipose tissue. UV absorbance and integrity gels were used 
to estimate RNA. To allow loading of equal mass of RNA in each well, 
after analysis of leptin mRNA using a single-stranded complementary 
DNA probe followed by quantification of bands on a phosphoimager as 
well as from film, the blots were reanalyzed using a probe complemen- 
tary to mouse 18S ribosomal RNA. Leptin mRNA was then normalized 
with respect to the 18S ribosomal signal, according to the absolute signal. 
The 18S RNA results were virtually identical in all cases. In particular, 
experimental conditions did not influence the 18S ribosomal signal. 

Calculations and data analysis 

The uptake of glucose was assessed by measuring the concentration 
of glucose in the medium in each well before and after 96 h of incubation 
and calculating the decrease over 96 h. To examine the relationship 
between adipocyte carbon flux and leptin secretion in response to in- 
creased insulin-mediated glucose uptake, the amount of carbon released 
as lactate per amount of carbon taken up as glucose over 96 h was 
calculated as A[lactate]/ A [glucose], where A is the change, and ex- 
pressed as a percentage. The area under the curve for leptin concen- 
trations in the medium between 0-96 h was calculated by the trapezoidal 
method. The means of two groups were compared by paired t test. The 
means of more than two groups were compared by ANOVA. To examine 
the relationships between the medium concentrations of insulin or in- 
hibitors employed, the amount of glucose taken up by the adipocytes, 
and leptin secretion, simple and multiple linear regression analyses were 
performed with a statistics software package (StatView for Macintosh, 
Abacus Concepts, Inc., Berkeley, CA). Data are expressed as the mean ± 

SEM. 

Results 

Responses to insulin (0.16-16.0 nAf) 

The effects of insulin on leptin secretion, and the relation- 
ship between glucose uptake by adipocytes cultured with 
different concentrations of insulin and leptin secretion were 
examined. Insulin produced a concentration-dependent in- 
crease in glucose uptake by the cultured adipocytes (r = 0.61; 
P < 0.0002 vs. insulin concentration), as assessed by the 
decrease in glucose in the medium (Fig. 1 A). With no added 
insulin, the medium glucose concentration decreased from 
10.1 ± 0.1 to 8.2 ± 0.3 mmol/liter (A, -1.9 ± 0.3 mmol/liter; 
P < 0.0001). The addition of 0.16, 1.6, and 16.0 nM insulin 
increased glucose uptake (Aglucose, -2.7 ± 0.4, -3.3 ± 0.3, 
and -3.9 ± 0.4 mmol/liter, respectively; all P < 0.01 vs. no 
insulin). Insulin also produced a concentration-dependent 
increase in lactate production (r = 0.70; P < 0.0001), which 
was well correlated with the decrease in glucose in the me- 
dium over 96 h (r = 0. 61; P < 0.0002), suggesting that a 
significant portion of the glucose entering the adipocytes was 
metabolized only as far as lactate and released from the cells 
into the medium (34, 35). 

Leptin secretion was increased over the control value by 
all three concentrations of insulin (Fig. IB). The production 
of lactate was not related to the leptin response (r = 0.10; P = 
0.59). The area under the leptin concentration curve (AUC) 
from 0-96 h was independently related to the decrease in 
glucose in the medium during the incubation (Fig. 1C), but 
not to the insulin concentration (Table 1). Similarly, with a 
multiple regression model, the AUC for leptin was related to 
the decrease in glucose, but not to the insulin concentration. 
In addition, the percentage of carbon released as lactate per 
amount of carbon taken up as glucose was calculated. Over- 
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Fig. 1. A, Glucose concentrations in medium from 0-96 h from iso- 
lated rat adipocytes in primary culture with insulin concentrations 
from 0-16 nM (n = 8/treatment). B, Leptin concentrations from 0-96 
h from isolated rat adipocytes in primary culture with insulin con- 
centrations from 0-16 nM (n - 8/treatment). C, Relationship between 
glucose uptake, as assessed by the decrease in glucose in the culture 
medium, and leptin secretion, expressed as the AUC from 0-96 h, 
during incubation of adipocytes with 0-16 nM insulin (n = 32). 
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TABLE L Relationship between glucose uptake (AGluc), leptin secretion (ALept) and the concentration of insulin or inhibitors of glucose 
uptake and metabolism after 96-h incubation of adipocytes with insulin and insulin plus inhibitors (2-DG, phloretin, cytochalasin-B, 
iodocetate, or sodium fluoride at varying concentrations; see Materials and Methods) 



Insulin or inhibitor (n) 



Simple Regression 



Multiple regression 



ALept vs. AGluc 



ALept vs. [inhibitor] 





r 


P 


r 


P 


Insulin (32) 


0.64 


0.0001 


0.20 


0.28 


2-DG (38) 


0.67 


0.0001 


0.51 


0.001 


Phloretin (38) 


0.86 


0.0001 


0.78 


0.0001 


Cytochalasin-B (19) 


0.60 


0.01 


0.58 


0.02 


Iodoacetate (34) 


0.83 


0.0001 


0.74 


0.0001 


Sodium fluoride (28) 


0.85 


0.0001 


0.60 


0.001 



ALept vs. AGluc 

(P) 



ALept vs. [inhibitor! 
(P) 



0.0001 

0.001 

0.0012 

0.22 . 

0.0001 

0.0001 



0.09 
0.29 
0.75 
0.25 
0.17 
0.73 
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Fig. 2. Effects of inhibiting glucose transport and metabolism with 
2-DG on leptin concentrations from 0-96 h in medium from isolated 
rat adipocytes in primary culture for 96 h with 1.6 nM insulin and the 
effect of adding glucose (55 mM) at 48 h on the inhibition of leptin 
secretion produced by 10 mg/dl 2-DG. 
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Fig. 3. Effects of inhibiting glucose transport with phloretin on leptin 
concentrations from 0-96 h in medium from isolated rat adipocytes 
in primary culture for 96 h with 1.6 nM insulin and the effect of adding 
glucose (55 mM) at 48 h on the inhibition of leptin secretion produced 
by 0.25 mM phloretin. 



all, in the insulin experiment between 10-68% of the amount 
of carbon taken up as glucose was released as lactate (mean, 
34 ± 2%). There was no direct relationship between this 
parameter and the insulin concentration; however, it was. 
inversely proportional to the amount of leptin secreted, as 
expressed by the 0-96 h leptin AUC (r = 0.64; P < 0.0001). 
By multiple regression analysis, the relationship between 
glucose conversion to lactate and leptin secretion was not 
significantly related to lactate production (P = 0.06), but 
leptin secretion was equally related to both the change in 
glucose and the amount of glucose carbon released as lactate 
(both P < 0.001). 

Effects of 2-DG (2-50 mg/dl) 

The effect of inhibiting glucose uptake and metabolism 
with 2-DG on leptin secretion and its relationship to adipo- 
cyte glucose uptake were examined. 2-DG at a concentration 
of 50 mg/dl completely inhibited glucose uptake (A, 0.1 ± 0.3 
mmol/liter) in the presence of 1.6 nM insulin (Aglucose, 
-4.0 ± 0.6 mmol/liter) and . inhibited the leptin response 
(AUC 0-96 h) by 69 ± 4% (P < 0.0001) compared with insulin 
alone (Fig. 2A). At a lower concentration of 2-DG (10 mg/dl), 
.glucose uptake was still markedly inhibited (A, -0.1 ± 0.4 



mmol/liter) and leptin secretion was inhibited by 47 ± 5% 
(P < 0.0001). The lowest concentration of 2-DG (2 mg/dl) 
produced less of an inhibition of glucose uptake (A, -1.5 ± 
0.9 mmol/liter; P < 0.01 vs. insulin alone). At this concen- 
tration, the leptin response was not significantly inhibited 
until the 96 h point (P < 0.02 us. insulin alone; Fig. 2A). 

Overall, the change in leptin at 96 h was related to the 
concentration of 2-DG and was well correlated with the de- 
crease in medium glucose (Table 1). By multiple regression, 
the leptin concentration in the medium at 96 h was signifi- 
cantly correlated with the change in glucose, but not to the 
2-DG concentration (Table 1). The addition of glucose (55.5 
mM) at 48 h reversed the inhibition of leptin secretion pro- 
duced by 2-DG at 10 mg/dl by 96 h (P < 0.01 vs. 2-DG; NS 
vs. insulin alone; Fig. 2). 

Effects of phloretin (0.05-0.25 mM) 

The effect of inhibiting glucose uptake with phloretin on 
leptin secretion was examined. Phloretin at a concentration 
of 0.25 mM completely inhibited leptin secretion (Fig. 3). The 
0-96 h AUC for leptin was inhibited by 91 ± 2% of insulin 
alone (P < 0.0001). This higher concentration of phloretin 
(0.25 mM) also completely blocked glucose uptake in the 
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presence of 1.6 nM insulin (Aglucose, 0.7 ± 0.1 mmol/liter). 
Overall, the leptin response was inversely related to the 
concentration of phloretin and was highly correlated with 
the decrease in glucose in the medium (Table 1). However, 
by multiple regression, the leptin response was correlated 
with the decrease in glucose, but not with the concentration 
of phloretin (Table 1). The addition of 55.5 mM glucose at 48 h 
did not reverse the inhibition of leptin secretion by phloretin 
(Fig. 3). 

Effects of cytochalasin B 

The effect of inhibiting glucose uptake with cytochalasin 
B on leptin secretion was examined. Cytochalasin B pro- 
duced a concentration-dependent inhibition of glucose up- 
take and leptin secretion (Fig. 4). The leptin response was 
significantly correlated with glucose uptake by simple re- 
gression (Table 1), but was not significantly correlated with 
glucose uptake (as observed with the other inhibitors; Table 
1) by multiple regression, perhaps due to the smaller number 
of replicates (n = 19) in this experiment. 

Effects of iodoacetate (0,005-1.0 mM) 

The effect of inhibiting glycolysis with iodoacetate on lep- 
tin secretion was examined. Iodoacetate at 1.0, 0.1, and 0.01 
mM markedly inhibited glucose uptake (Aglucose, -0.1 ± 
1.1, 0.5 ± 0.2, and 0.3 ± 0.2 mmol/liter, respectively) and 
leptin secretion. The 0-96 h AUC for leptin was inhibited by 
-95 ± 2%, -91 ± 2%, and -87 ± 3%, respectively, compared 
with insulin alone; (all P < 0.0001). The lowest concentration 
of iodoacetate (0.005 mM) produced less of an inhibition of 
glucose uptake (Aglucose, -1.8 ± 0.8 mmol/liter) and less of 
an inhibition of leptin secretion (-51.0 ± 16%) than insulin 
alone (P < 0.02; Fig. 5). By simple regression, the release of 
leptin was related to the concentration of iodoacetate and 
was highly correlated with the change in glucose in the 
medium (Table 1). However, by multiple regression, the 
leptin secreted at 96 h was related to the change in glucose, 
but not to the concentration of iodoacetate (Table 1). 
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Fig. 4. Effects of inhibiting glucose transport with cytochalasin B on 
leptin concentrations from 0-96 h in medium from isolated rat adi- 
pocytes in primary culture for 96 h with 1.6 nM insulin. 
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Fig. 5. Effects of inhibiting glycolysis with iodoacetate on leptin con- 
centrations from 0-96 h in medium from isolated rat adipocytes in 
primary culture for 96 h with 1.6 nM insulin. 



10 



E 
c 



Q- 
UJ 



• INSUUN 1.6 nM (n*6) 

....£>.„. WS ♦ Fl- 0.1 mM (n«5) 
- - B - - INS + Fl- 0.5 mM (n=3) 
INS ♦ Ft- 1 .0 mM (n-6) 
-A — INSfF^5.0mM(n-6) 








.... . i 




) 






















1 -c 


J 













24 



72 



96 



48 

TIME (hr) 

Fig. 6. Effects of inhibiting glycolysis with NaFl on leptin concen- 
trations from 0-96 h in medium from isolated rat adipocytes in pri- 
mary culture for 96 h with 1.6 nM insulin. 

Effects of NaFl (0.1-5.0 mM) 

The effect of inhibiting glycolysis with NaFl was exam- 
ined. The two highest concentrations of NaFl (5.0 and 1.0 
mM) completely inhibited glucose uptake (Aglucose, 0.2 ± 
0.1 and 0.0 ± 0.3 mmol/liter, respectively). The 0.5 mM con- 
centration of NaFl produced less of an inhibition of glucose 
uptake (A, -2.1 ± 0.6 mmol/liter), and the lowest concen- 
tration (0.1 mM) of NaFl did not inhibit glucose uptake (Aglu- 
cose, -3.9 ± 0.5 mmol/liter) compared with the effect of 
insulin alone. The two highest concentrations of NaFl (5.0 
and 1.0 mM) markedly inhibited leptin secretion (-81 ± 6% 
vs. insulin alone; P < 0.0001). The next concentration of NaFl 
(0.5 mM) produced an intermediate inhibition of leptin se- 
cretion (-47 ± 15% of insulin alone; P < 0.05). The 0.1-mM 
concentration of NaFl did not inhibit leptin secretion (-4 ± 
15% vs. insulin alone; P = NS; Fig. 6). 

Overall,, the decline in medium glucose was significantly 
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correlated with the concentration of NaFl and highly corre- 
lated with the 96 h leptin concentration (Table 1). By multiple 
regression, the amount of leptin secreted at 96 h was strongly 
correlated with the change in glucose in the medium (P < 
0.0001), but not to the NaFl concentration (Table 1). 

Effects of insulin, 2-DG, and NaFl on leptin (ob) mRNA 
and 18S ribosomal RNA 

The effects of- inhibiting glucose uptake and metabolism 
with 2-DG or NaFl on leptin gene expression and ribosomal 
18S RNA were examined. As shown in Fig. 7A, leptin (ob) 
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Fig. 7. A, Effects of no insulin (control), 1.6 nM insulin, and 1.6 nM 
insulin plus 10 mg/dl 2-DG or 1.0 mM NaFl on leptin (ob) mRNA after 
48 h of incubation, as assessed by Northern blots. The inset above each 
bar is representative of the signal obtained for each condition. B, 
Effects of control (no insulin), 1.6 nM insulin, and 1.6 nM insulin plus 
10 mg/dl 2-DG or 1.0 mM NaFl on 18S ribosomal RNA after 48 h of 
incubation, as assessed by Northern blots. The inset above each bar 
is representative of the signal obtained for each condition. 



mRNA was detectable in adipocytes incubated for 48 h either 
with 1.6 nM insulin or without insulin (control). However, the 
leptin mRNA signal was reduced to near undetectable levels 
when adipocytes were incubated with 1.6 nM insulin and 
either 2-DG (10 mg/ml) or 1.0 mM NaFl (Fig. 7 A). The effect 
of 2-DG and NaFl was specific, because in the same samples 
there was no effect of these concentrations of 2-DG or NaFl 
on 18S ribosomal RNA (Fig. 7B) or on nonspecific RNA bands 
(with a different mol wt than leptin mRNA) that could be 
detected on the Northern blots after long exposures (data not 
shown). Leptin mRNA was significantly reduced by 2-DG or 
NaFl regardless of whether the signal was normalized for 18S 
ribosomal signal (P = 0.0174). Qualitatively similar effects of 
2-DG or NaFl were observed in cultures incubated for 96 h 
(P « 0.0228; data not shown). 

Effects of fructose (5 mM) 

The addition of 5 mM fructose to medium of cultures in 
which the glucose concentration was minimized by diluting 
the Matrigel 1:2 and using glucose-free DMEM with 1% 
serum augmented leptin secretion after 48 h. The initial re- 
sponse in the control wells was probably due to the residual 
glucose (-1.5 mmol/L) in the diluted Matrigel. However, 
both the integrated AUC from 0-96 h (P < 0.02) and the 
leptin concentration at 96 h (P < 0.01) were increased by 
fructose (Fig. 8). 

Discussion 

In the present study we found that addition of physio- 
logical concentrations of insulin stimulates leptin secretion 
from isolated rat adipocytes in primary culture. In this in vitro 
system we did not see an acute effect of insulin on leptin 
secretion. This is in agreement with previous reports that 
have demonstrated that the expression of ob gene and leptin 
protein release are not acutely regulated by insulin in vivo 
and in vitro (17, 36). The strong correlation between adipocyte 
glucose uptake measured by the decrease in glucose in the 
media during incubation with insulin and the amount of 
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Fig. 8. Effect of fructose (5 mM) on leptin concentrations from 0-96 
h in medium from isolated rat adipocytes in primary culture with a 
low (~1.5 mmol/liter) initial glucose concentration (n = 6/treatment). 
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leptin secreted from isolated adipocytes is consistent with the 
hypothesis that the rate of glucose metabolism is a determi- 
nant of leptin secretion. In addition, the absolute insulin 
concentration was not related to the leptin response, inde- 
pendently of the effect of insulin to increase glucose uptake. 

Blockade of glucose transport with 2-DG, phloretin, or 
cytochalasin B at concentrations at or below those typically 
used in adipocytes (29, 30) produced a dose-dependent de- 
crease in leptin secretion in the presence of high physiolog- 
ical concentrations of insulin. The competitive inhibition pro- 
duced by 2-DG could be reversed by the addition of a high 
concentration of glucose, suggesting that 2-DG did not in- 
hibit leptin secretion via a nonspecific toxic effect on the 
adipocytes. As expected, the inhibition by phloretin was not 
reversed by glucose, as phloretin is not a competitive inhib- 
itor and, therefore, produces an irreversible inhibition of 
glucose transport that is not readily overcome by high glu- 
cose concentrations. These experiments provide evidence 
that glucose uptake is required to increase leptin secretion 
from isolated adipocytes despite the presence of high phys- 
iological insulin concentrations. 

Inhibition of glycolysis with either iodoacetate or NaFl at 
low concentrations (31, 32) also produced concentration- 
dependent inhibition of leptin secretion in the presence of 
insulin. When glycolysis is inhibited, glycolytic intermedi- 
ates accumulate, resulting in a secondary impairment of glu- 
cose uptake. As with primary blockade of glucose uptake, 
during inhibition of glucose metabolism by either glycolytic 
inhibitor, the amount of glucose taken up over 96 h of in- 
cubation was highly correlated with the amount of leptin 
secreted despi te the presence of insulin. These results suggest 
that the stimulation of leptin secretion by insulin is unlikely 
to be due to a direct effect of insulin per se, but is secondary 
to the effect of insulin to stimulate glucose uptake and me- 
tabolism in adipocytes. 

We also found that inhibition of glucose transport and 
metabolism with 2-DG or glycolysis with NaFl markedly 
inhibited leptin (ob) gene expression, as assessed by Northern 
blot analysis of leptin mRNA. In the same cultures, 18S 
ribosomal RNA levels were unaffected by either 2-DG or 
NaFl, suggesting that the decrease in leptin gene expression 
was not due to a nonspecific overall effect of these inhibitors 
to impair adipocyte RNA synthesis. In addition, we exam- 
ined the amount of heparin-released lipoprotein lipase (LPL) 
from adipocytes cultured with the various inhibitors (data 
not presented). Although LPL was modestly decreased by 
the inhibitors (-25-50% of insulin-stimulated levels), the 
suppression of leptin secretion was significantly greater (80- 
90%), suggesting a relative specificity of blocking glucose 
uptake and metabolism on leptin secretion vs. that on another 
protein (LPL) produced by adipose tissue. Lastly, the effects 
of the blockers to inhibit leptin expression and secretion are 
unlikely to be due to a depletion of adipocyte energy stores, 
as it is known that adipocytes can generate energy (ATP) by 
oxidizing fatty acids via mitochondrial ^-oxidation (37, 38). 

Taken together, these data suggest a physiological role for 
glucose in the regulation of leptin expression and secretion 
by adipocytes. Accordingly, we hypothesize that during fast- 
ing, when circulating insulin and glucose concentrations are 
low and glucocorticoids are elevated, leptin secretion de- 



clines secondary to decreased glucose transport into adipose 
tissue. Upon refeeding, increases in circulating insulin and 
glucose and the resulting increases in adipose glucose uptake 
and metabolism stimulate leptin secretion and restores cir- 
culating leptin concentrations to prefasting levels. This 
model, therefore, can explain the effects of fasting and refeed- 
ing on circulating leptin in humans (2-4) and rodents (5-7). 
In addition, the nocturnal increase in plasma leptin observed 
in humans could potentially arise as a delayed consequence 
of increased insulin-stimulated glucose metabolism follow- 
ing meals (8). The effect of glucose infusions to prevent the 
fall of plasma leptin during fasting in human subjects may 
be similarly mediated (2). 

Thus, leptin secretion appears to reflect the amount of 
glucose transported and metabolized by adipose tissue. 
There is convincing evidence that suggests that a significant 
portion of glucose entering adipose tissue is metabolized to 
lactate and released (34, 35). This lactate may contribute to 
the pool of gluconeogenic precursors during fasting. Our 
results show that when a smaller proportion of glucose car- 
bon taken up by adipocytes is released as lactate, more leptin 
is secreted. These data are consistent with the changes in 
leptin secretion observed during fasting and refeeding. In 
addition, fructose, in the presence of low glucose concentra- 
tions, stimulates leptin secretion, demonstrating that a non- 
glucose substrate can induce the adipocyte to secrete leptin 
and suggesting that stimulation of leptin secretion by glucose 
metabolism occurs downstream of phosphofructokinase. 

In summary, blockade of glucose transport or inhibition of 
glycolysis inhibits leptin secretion from and gene expression 
in isolated cultured adipocytes. The secretion of leptin is 
directly proportional to the amount of glucose taken up by 
the adipocytes. These results suggest that leptin secretion is 
linked to glucose transport and metabolism and help to ex- 
plain the known effects of feeding/fasting and long term 
glucose and insulin administration on circulating leptin 
concentrations. 
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Abstract 

MUELLER, WENDY M., KIMBER L. STANHOPE, 
FRANCINE GREGOIRE, JOSEPH L. EVANS, AND 
PETER J. HAVEL. Effects of metformin and vanadium on 
leptin secretion from cultured rat adipocytes. Obes 'Res. 
2000;8:530-539. 

Objective: We have reported that glucose utilization regu- 
lates leptin expression and secretion from isolated rat adi- 
pocytes. In this study, we employed two antidiabetic agents 
that act to increase glucose uptake by peripheral tissues, 
metformin and vanadium, as pharmacological tools to ex- 
amine the effects of altering glucose utilization on leptin 
secretion in primary cultures of rat adipocytes. 
Research Methods and. Procedures: Isolated adipocytes 
(100 i±L of packed cells per well) were anchored in a 
defined matrix of basement membrane components (Matri- 
gel) with media containing 5.5 mM glucose and incubated 
for 96 hours with metformin or vanadium. Leptin secretion, 
glucose utilization, and lactate production were assessed. 
Results: Metformin (0.5 and 1.0 mM) increased glucose 
uptake in the presence of 0.16 nM insulin by 37 ± 10% 
(p < 0.005) and 62 ± 8% (p < 0.0001) over insulin alone, 
respectively. Metformin from 0.5 to 5.0 mM increased 
lactate production by 105 ± 43% (p < 0.025) to 202 ± 52% 
(p < 0.0025) and at 1.0 and 5.0 mM increased the propor- 
tional rate of glucose conversion to lactate by 78 ± 1 8% (p 
< 0.005) and 166 ± 41% (p < 0.0025), respectively. At 
concentrations less than 0.5 mM, metformin did not affect 
leptin secretion, but at 0.5 mM, the only concentration that 
significantly increased glucose utilization without increas- 
ing glucose conversion to lactate, leptin secretion was mod- 
estly stimulated (by 20 ± 9%; p < 0.05). Concentrations 
from 1 .0 to 25 mM inhibited leptin secretion by 25 ± 8% 
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(p < 0.005) to 89 ± 4% (p < 0.0001). Across metformin 
doses, leptin secretion was inversely related to the percent- 
age of glucose taken up and released as lactate (r = -0.74; 
p < 0.0001). Vanadium (5 to 20 /xM) increased glucose 
uptake from 20 ± 7% (p < 0.01) to 34 ± 13% (p < 0.02) 
and increased lactate production at 5 fxM by 17 ± 8% (p < 
0.025) and 10 /xM by 61 ± 20% (p < 0.02) but did not alter 
the conversion of glucose to lactate. Vanadium (5 to 50 jxM) 
inhibited leptin secretion by 33 ± 6% (p < 0.0025) to 61 ±* 
8% (p < 0.0001). 

Discussion: Both metformin and vanadium increase glu- 
cose uptake and inhibit leptin secretion from cultured adi- 
pocytes. The inhibition of leptin secretion by metformin is 
related to an increase in the metabolism of glucose to 
lactate. The inhibition by vanadium most likely involves 
direct effects on cellular phosphatases. We hypothesize that the 
effect of glucose utilization to stimulate leptin production in- 
volves the metabolism of glucose to a fate other than anaerobic 
lactate production, possibly oxidation or lipogenesis. 

Key words: glucose uptake, lactate production, 
anaerobic metabolism 

Introduction 

The adipocyte hormone, leptin, has a central role in the 
regulation of food intake, energy expenditure, and body fat 
stores (1,2). Circulating leptin concentrations are well cor- 
related with adipose stores in humans (3-5) and animals 
(5-7). However, leptin production is also acutely regulated 
by nutritional status. For example, circulating leptin de- 
creases after fasting (6,8-10) or energy restriction (1 1,12) 
and increases after refeeding or overfeeding (9,13). These 
changes of circulating leptin are disproportionate to the 
relatively small changes of body fat. Although the regula- 
tion of leptin expression and secretion is incompletely un- 
derstood, changes of insulin secretion during fasting and 
refeeding precede changes of circulating leptin concentra- 
tions. There is a growing body of evidence that suggests a 
role for insulin and glucose in mediating changes of circu- 
lating leptin levels in vivo. For example, infusion of small 
amounts of glucose to prevent the reductions of insulin and 
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glucose during fasting in humans also prevents the decrease 
in plasma leptin (8). Although insulin administration does 
not acutely increase plasma leptin concentrations in human 
subjects (14,15) increases have been reported after 4 to 6 
hours during insulin infusions producing supraphysiological 
(16,17) or physiological (18) increments of plasma insulin 
levels. Similarly, prolonged hyperglycemia and hyperinsu- 
linemia in response to extended glucose infusions increases 
plasma leptin after several hours in nonhuman primates (7) 
and human subjects (19). Lastly, leptin concentrations 
increase 4 to 6 hours after high carbohydrate meals, 
which induce large plasma insulin and glucose responses 
in humans (20). 

In vitro studies have shown that insulin increases leptin 
expression and secretion in isolated rodent (21-23) and 
human (15,24) adipocytes. It has not, however, been clear 
whether the effect of insulin to increase leptin production is 
t a direct consequence of increased insulin signaling or might 
be indirectly mediated by insulin's actions on glucose me- 
tabolism. Several in vivo studies have provided support for 
the latter explanation. First, glucose administration induces 
increases of ob mRNA expression, which are more closely 
related to changes of plasma glucose than to plasma insulin 
concentrations (25,26). 

In addition, the decrease in plasma leptin during marked 
caloric restriction in humans is better correlated with the 
decrease in plasma glucose than with* changes in insuline- 
mia (11,12). Furthermore, we have found that low plasma 
leptin levels in insulin-deficient streptozotocin diabetic rats 
are acutely increased by insulin administration in proportion 
to the degree of glucose lowering (27). Further support from 
in vitro experiments for a role for adipose glucose utiliza- 
tion in the regulation of leptin production is provided by our 
recent report that increased glucose metabolism is an im- 
portant mediator of insulin-stimulated leptin expression and 
secretion. Blockade of glucose uptake or inhibition of gly- 
colysis decreases ob gene expression and leptin secretion in 
isolated rat adipocytes (28). However, glucose uptake, by 
itself, only seems to be important in that glucose must first 
be taken up by the adipocytes before it can be metabolized. 
Rather than glucose uptake per se, the inverse relationship 
observed, between the proportional conversion of glucose to 
lactate and leptin secretion by isolated adipocytes (28), 
suggests that a regulatory step for glucose metabolism to 
mediate changes of leptin production involved the metabo- 
lism of glucose to a point beyond the anaerobic metabolism 
of glucose-derived pyruvate to lactate. 

Metformin and vanadium are two antidiabetic agents, 
which are able to enhance glucose uptake and utilization by 
peripheral tissues (29,30). In the present study, we em- 
ployed metformin and vanadium as pharmacological tools 
to examine the effects of altering adipocyte glucose utiliza- 
tion on leptin production in primary cultures of isolated 
adipocytes. Glucose utilization, lactate production, and lep- 



tin secretion were measured over 96 hours in isolated rat 
adipocytes cultured in a basement membrane matrix that 
maintains adipocyte differentiation. 

Research Methods and Procedures 

Materials 

Media (Dulbecco's modified Eagle's medium [DMEM]) 
and fetal bovine serum (FBS) were purchased from Life 
Technologies (Grand Island, NY). The media was supple- 
mented with 6 mL each of minimal essential medium amino 
acids, penicillin/streptomycin (5000 U/mL/5000 jug/mL), 
and nystatin (10,000 U/mL; all from Life Technologies) per 
500 mL of DMEM. Bovine serum albumin fraction V, 4-(2- 
hydroxyethyl)-l-piperazineethansulfonic acid (HEPES), colla- 
genase (Clostridium histofyticum, type II; specific activity, 456 
U/mg), insulin, and metformin were purchased from Sigma 
Chemical Co. (St. Louis, MO). Matrigel matrix was purchased 
form Becton Dickinson (Franklin Lakes, NJ). Bis(maltolato) 
oxovanadium(IV) (BMOV), an organified form of vanadium 
(31), was a gift from Drs. John McNeill and Violet Yuen, 
Department of Pharmaceutical Sciences, University of British 
Columbia, Vancouver, BC, Canada. Six-well Falcon plates 
were purchased from Fisher Scientific (Pittsburgh, PA). Nylon 
filters were purchased from Tetko (Kansas City, MO). 

Animals 

Male Sprague-Dawley rats (3 to 6 months of age) were 
obtained from Charles River (Wilmington, MA). Animals 
were housed in hanging wire cages in temperature- 
controlled rooms (22 °C) with a 12-hour light-dark cycle 
and fed Purina chow diet (Ralston-Purina, St. Louise, MO) 
and given deionized water ad libitum. Animal use and care 
was in accordance with the National Institutes of Health 
Guide for the Use and Care of Laboratory Animals and 
conducted in facilities accredited by the American Associ- 
ation for Accreditation of Laboratory Animal Care. The 
study protocol was approved by the Administrative Animal 
Use and Care Committee at University of California, Davis. 

Methods 

Cell Isolation/Preparation. Adipocytes were prepared 
from epididymal fat pads from male Sprague-Dawley rats 
weighing 300 to 600 g. Epididymal fat depots were 
resected from halothane-anesthetized rats under aseptic 
conditions, and adipocytes were isolated by collagenase 
digestion by the Rodbell method (32) with minor 
modifications as previously described (28). The 
isolated adipocytes were then incubated for 30 minutes 
at 37 °C before being plated and cultured on Matrigel- 
coated plates. 

Adipocyte Culture. Adipocytes were maintained in culture 
anchored to a basement membrane matrix (Matrigel, 
Becton Dickinson). Although all in vitro systems have 
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inherent advantages and disadvantages, advantages of this 
system compared with cultures containing free-floating 
adipocytes are that the matrix simulates their normal 
basement membrane attachment and that the cells are 
maintained in close proximity to each other, allowing 
direct cell-to-cell contact. Together the cell contact and 
basement membrane attachment help to maintain dif- 
ferentiation, because adipocytes have a strong tendency to 
dedifferentiate in long term (>24-hour) culture. In 
addition, the matrix and the small amount of serum in the 
media both contain growth factors, which are also likely 
to help maintain cell differentiation. Furthermore, the 
adipocytes in this system are not exposed to toxic levels 
of oxygen at the interface of the media and the incubator 
atmosphere, as opposed to free-floating adipocytes which 
aggregate at the surface of the media. An advantage of 
the system over those containing minced adipose tissue is 
that all of the cells in the culture are equally exposed to 
the nutrients and the oxygen dissolved in the media. 
Thus, although clearly different from the in vivo situation, 
we believe that this system provides a more physiological 
environment than most systems for maintaining 
adipocytes in long term culture. In the case of the present 
studies, the goal was to examine the direct actions of 
metformin and vanadium on leptin production and 
adipocyte metabolism. Therefore, the advantage of 
employing in vitro experimentation for this purpose over 
in vivo models was that it was possible to control 
confounding variables, such as effects of these agents on 
food intake, which would indirectly influence leptin 
production via changes of insulin secretion (18,20). 
Unlike an in vivo system, in this study the environment 
surrounding the adipocytes within the individual wells of 
each culture plate was identical with the exception of the 
presence or absence and the concentration of metformin 
or vanadium, allowing assessment of the direct effects of 
the treatments. 

In culturing each suspension, Matrigel was first thawed 
on ice to a liquid and uniformly applied to the surface of 
culture dishes (300 jxL of Matrigel/35-mm well). After 
the incubation period, 150 /xL of the adipocyte 
suspension (2:1 ratio of packed cells to media) were 
plated on the liquid Matrigel matrix. Adipocytes from 
each suspension were thoroughly mixed with a transfer 
pipette before plating to insure that a similar number of 
adipocytes with a similar size distribution were added to 
the control and experimental wells for each suspension. 
The warmth of the added cells and media caused the 
Matrigel to gel around the adipocytes, effectively 
anchoring them to the culture dish. After a 30-minute 
incubation at 37 °C, 2 mL of warm culture medium was 
added. The cells were maintained in an incubator at 37 
°C for 96 hours with 6% C0 2 . Aliquots of adipocytes 
from each animal were divided into wells, with the 
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different concentrations of either metformin or vanadium 
(as detailed below). In each plate an appropriate con- 
trol well contained adipocytes from the same animal. 
Adipocytes were incubated with media (DMEM) con- 
taining 5.5 mM (100 mg/dL) glucose plus 5% FBS at five 
concentrations of Metformin (0.1, 0.25, 0.5, 1.0, 5.0, and 
25.0 mM). A low basal concentration of insulin (0.16 
nM) was added to the incubations performed with 
metformin, because metformin is thought to act in part by 
increasing insulin signaling (33,34). Vanadium was added 
at four concentrations (5.0, 10.0, 20.0, and 50.0 jxM) in 
DMEM with 5.0 to 5.5 mM glucose and 1% FBS. 
Adipocytes were cultured with vanadium without added 
insulin, because vanadium action is considered to be 
largely independent of insulin (35,36). To examine the 
responses to insulin in the adipocytes obtained from each 
adipocyte suspension in the vanadium experiments, a 
separate well containing 1.6 nM insulin was included for 
each suspension. In all experiments, aliquots of media 
(300 ju,L, 15% of the media volume) were collected from 
culture wells and replaced with fresh media containing 
the appropriate concentrations of metformin or vanadium 
at 24, 48, 72, and 96 hours. 

Assays. Leptin concentrations in the medium were 
determined with a sensitive and specific radioim- 
munoassay for rat leptin (37) with reagents obtained from 
Linco Research, St. Charles, MO. Glucose and lactate 
were measured with a glucose analyzer (model 2300, 
YSI, Yellow Springs, OH). 

Data Analysis. The uptake of glucose was assessed by 
measuring the concentration of glucose in the media in 
each well before and at 24, 48, 72, and 96 hours of 
incubation and calculating the decrease over 96 hours 
after correcting for the amount of glucose that was 
removed during each 24-hour media sampling and the 
amount added by the replacement of fresh media (15% of 
total volume). Lactate production was calculated as the 
increase of media lactate at 24, 48, 72, and 96 hours by 
correcting for the amount of lactate removed by sampling 
and added with media replacement. To examine the 
relationship between adipocyte carbon flux and leptin 
secretion in adipocytes cultured with metformin or 
vanadium, the amount of carbon released as lactate per 
amount of carbon taken up as glucose over 96 hours was 
calculated as lactate production/glucose utilization and 
expressed as a percentage (28). Cumulative leptin 
production was calculated as the change of media leptin 
concentrations at 24, 28, 72, and 96 hours with correction 
for the amount of leptin removed during sampling. The 
area under the curve for leptin production between 0 and 
96 hours was calculated by the trapezoidal method. The 
experimental results from each adipocyte suspension 
prepared from a single animal were analyzed in relation 
to a control well from the same suspension. . Given the 
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individual variation in leptin responses between animals 
and/or suspensions, it was not appropriate to compare 
means from control and treated adipocytes from different 
animals and/or suspensions. Therefore, the means for all 
the controls in the metformin (n = 18) and vanadium 
(n = 14) experiments contain a larger sample size («) of 
animals and/or suspensions than all except the 1.0 mM 
metformin dose, which was studied in every experiment. 
Thus, when the number of wells with a particular 
concentration of metformin or vanadium differed from the 
total number of control wells (e.g., 0.5 mM metformin; 
n = 9), each result was compared only to that obtained in 
a corresponding control well from the same suspension in 
a pair-wise comparison. To examine the relationships 
between the medium concentrations of metformin or 
vanadium, glucose uptake, lactate production, and glucose 
conversion to lactate, and leptin secretion, simple and 
multiple linear regression analyses were performed with a 
statistics software package (StatView for Macintosh, 
Abacus Concepts, Inc., Berkeley, CA). 

Because metformin exhibited toxic effects on adipocyte 
metabolism at concentrations greater than 5.0 mM, results 
from cultures incubated with metformin at concentrations 
greater than 5.0 mM were not included in these analyses. 
The relationship* between lactate production from glucose 
and leptin secretion was also examined within the control 
groups alone. Data are expressed as means + SEM. 



Results 

Effects of Metformin 

The effects of metformin on glucose uptake, lactate pro- 
duction, and leptin secretion were examined. Metformin at 
a concentration of 0. 1 mM did not affect glucose uptake 
compared with the corresponding control suspensions con- 
taining insulin (0.16 nM) alone. At 0.25 mM, glucose up- 
take was increased (%A = +9 ± 8%), but the effect was not 
statistically significant perhaps due to the smaller number of 
trials (n = 5) performed at this concentration. Metformin 
stimulated glucose uptake at concentrations of 0.5 mM 
(+37 ± 10%, p < 0.005) and 1.0 mM (+62 ± 8%, p < 
0.0001) compared with that in the corresponding control 
suspensions (Table 1, Figure 1). At 5.0 mM, glucose uptake 
was not significantly different from control. Higher concen- 
trations of metformin (>25.0 mM) markedly inhibited glu- 
cose uptake most likely reflecting a toxic effect of met- 
formin at these very high concentrations. Metformin had no 
significant effect on lactate production at concentrations 
lower than 0.5 mM but increased lactate production at 
concentrations of 0.5 mM (+105 ± 43% ,/? < 0.025), 1.0 
mM (+186 ± 31%,/? < 0.0001), and 5.0 mM (+202 ± 
52%, p < 0.0025) vs. insulin alone (Table 1, Figure 1). At 
concentrations of 25.0 mM, lactate production was mark- 
edly inhibited (p < 0.0001), because glucose utilization was 



almost completely suppressed. Concentrations of metformin 
of 0.5 mM and below did not affect the proportional con- 
version of glucose to lactate (Table 1). However, glucose 
conversion to lactate was increased at a concentration of 1.0 
mM, and this effect was marked at 5.0 mM with more than 
twice the amount of glucose released as lactate (Table 1). 
Although 1.0 mM metformin did increase mean glucose 
uptake over control rates, a significantly larger proportion of 
the glucose that was taken up was released as lactate. The 
concentration of 0.5 mM was the only level of metformin 
that induced a significant increase of glucose utilization 
without increasing the proportion of glucose carbon re- 
leased as lactate (Table 1). 

At concentrations of metformin lower than 0.5 mM, 
leptin secretion was unaffected. With metformin at 0.5 mM, 
the area under the curve (AUC) for leptin secretion over 96 
hours was significantly greater (+20.5 ± 9%, p < 0.05) 
than control (Figure 2). Metformin inhibited leptin secretion 
at concentrations of 1.0 mM (-25 ± 8%,/? < 0.005), 5.0 
mM (-89 ± 4%, p < 0.0001), and by 90% at toxic 
concentrations of 25.0 mM (p < 0.0001) (Figure 2). 

Within the 18 control wells, leptin secretion was 
inversely related to the conversion of glucose to lactate 
(r = -0.61; p < 0.01). At metformin concentrations from 
0 to 5.0 mM, leptin secretion was inversely proportional to 
the log of the metformin concentration (r = -0.53; p < 
0.0001), to lactate production (r = -0.53; p < 0.0001), and 
to the proportional conversion of glucose to lactate across 
metformin doses (r = -0.74; p < 0.000 l)(Figure 3) but 
was not related to glucose uptake (r = 0.13; p = 0.27) by 
simple regression. By multiple regression analysis, leptin 
secretion was inversely related to the conversion of glucose 
to lactate (p < 0.0001) but not to the log of the metformin 
concentration (p = 0.91), lactate production (p = 0.39), or 
glucose uptake (p = 0.62). Leptin secretion was only in- 
creased over control by metformin at 0.5 mM, which was 
also the only concentration that significantly increased glu- 
cose uptake without shunting a greater proportion of the 
glucose into lactate production (Table 1). A similar inverse 
relationship (r = -0.73; p < 0.0025) between leptin pro- 
duction and anaerobic glucose metabolism to lactate was 
observed in 32 control wells containing either no insulin or 
a low insulin concentration of 0.16 nM (—20 /xU/mL) 
(Figure 4). 

Effects of Vanadium 

The effects of vanadium on glucose uptake, lactate pro- 
duction, and leptin secretion were examined in adipocytes 
cultured with concentrations of vanadium of 0 to 50 pM. 
Vanadium at 5:0 pM (+20 ± 7%, p < 0.01), 10.0 fxM 
(+38 ± 12%,/? < 0.02), and 20.0 pM (+34 ± 13%,/? < 
0.02) increased glucose uptake, compared with rates of 
glucose uptake in the corresponding control suspensions 
(Table 2, Figure 5). The effect of vanadium at these con- 
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Table 1. Effects of metformin in the presence of 0.16 nM insulin on glucose uptake, lactate production, and the 
percentage of glucose carbon taken up that was released as lactate by isolated rat adipocytes over 96 hours in 
culture (mean ± SEM) 



[Metformin] (mM) + 


Glucose uptake 


Lactate production 


Glucose to 


Insulin (0.16 nM) 


(ftmol) over 96 hours 


(fimol) over 96 hours 


lactate (%) 


Control (n = 18) 


7.5 ± 0.7 


5.7 ± 0.5 


40.9 ±3.6 


0.1 (n = 4) 


6.5 ± 0.9 


5.9 ± 0.6 


47.2 ± 6.3 


0.25 (n = 5) 


11.0 ± 1.4 


8.6 ± 1.3 


40.2 ± 5.9 


0.5 (n = 9) 


11.0 ± 1.2f 


9.5 ± 1.2t 


44.9 ±5.1 


1.0 (n = 18) 


11.6 ± 0.7J 


14.4 ± 0.9J 


63.8 ± 3.4* 


5.0 (n = 15) 


8.3 ± 0.6 


14.4 ± 1.0J 


85.6 ±4. It 


*p = 0.01; fp = 0.005; %p = 


0.0005; vs. corresponding controls from the same adipocyte suspensions. 





centrations was comparable to that of insulin at 1.6 nM, 
which increased * glucose uptake by 38 ± 8% (p < 
0.000 l)(Table 2, Figure 5). Vanadium at 50.0 /xM did not 
significantly affect glucose uptake (%A = -4 ± 14%). 
Vanadium at 5.0 fiM increased lactate production by + 
17 ± 8% (p < 0.025). Mean lactate production in the six 
wells that served as controls for the 10.0 /xM concentration 
of vanadium was lower than average; however, lactate pro- 
duction was increased in five of six corresponding experi- 
mental wells. Thus, vanadium at 10 pM increased lactate 
production by 61 ± 20% (p < 0.02) despite absolute lactate 
production being similar to the mean of the total 14 control 
wells. At 20.0 and 50.0 tiM, lactate production was not 
significantly different from that of the control (Table 2). 
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Figure L Glucose utilization (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 



Insulin at 1.6 nM increased leptin secretion over 96 hours 
by 59 ± 15% (p < 0.005) and the 0- to 96-hour AUC by 
38 ± 8% (p < 0.000 l)(Figure 5). Leptin secretion was 
unaffected by vanadium at a concentration of 5 /aM. Higher 
concentrations of 10, 20, and 50 /xM consistently inhibited 
leptin secretion over 96 hours by -33 ± 6% (p < 0.0025), 
-53 ± 7% (p < 0.0001), and -61 ± 8% (p < 0.001), 
respectively (Figure 6). Across vanadium concentrations, 
leptin secretion at 96 hours was positively correlated with 
glucose uptake (r = 0.35; p < 0.02) and inversely related to 
the log of the vanadium concentration (r = -0.44; p < 
0.0001), to lactate production (r = -0.30; p < 0.025), and 
to the conversion of glucose to lactate (r = -0.58; p < 
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Figure 2. Leptin secretion (corrected for media sampling and 
replacement) over 96 hours by isolated rat adipocytes in primary 
culture with insulin at 0.16 nM and metformin at concentrations 
from 0 to 25.0 mM. 
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Figure 3. Relationship between the percentage of glucose taken up 
and released as lactate and leptin secretion over 96 hours by 
adipocytes in primary culture with insulin (INS) at 0.16 nM and 
metformin (MET) at concentrations from 0 to 5.0 mM. Leptin 
secretion, glucose utilization, and lactate production are corrected 
for media sampling and replacement. 



0.0001) (data not shown). By multiple regression analysis, 
leptin secretion at 96 hours was more closely related to 
glucose conversion to lactate (p < 0.0001) than to absolute 
lactate production (p < 0.02) or the log of the vanadium 
concentration (p < 0.005) and was not related to absolute 
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Figure 4. Relationship between the percentage of glucose taken up 
and released as lactate and leptin secretion over 96 hours by 
adipocytes in primary culture in 32 control wells containing no 
added insulin or insulin at a low concentration of 0.16 nM. Leptin 
secretion, glucose utilization, and lactate production are corrected 
for media sampling and replacement. 



glucose uptake (p — 0.22). Despite the relationship between 
leptin secretion and the conversion of glucose to lactate 
across vanadium concentrations, unlike with metformin, the 
percentage of glucose released as lactate was not altered 
by any concentration of vanadium (Table 2). In contrast, 
insulin at 1.6 nM, which significantly decreased the 
proportional conversion of glucose to lactate (i.e., anaer- 
obic glucose metabolism) (Table 2), stimulated leptin 
secretion (Figure 6). 



Discussion 

We have recently reported that insulin-mediated glucose 
metabolism is an important factor regulating leptin expres- 
sion and secretion in isolated rat adipocytes (28). Some 
previous studies have shown that drugs in the thiazo- 
lidinedione class, which are used in the treatment of type 2 
diabetes, can inhibit leptin production in vitro and in vivo 
(38,39). In the present study, we examined the effects of 
metformin and vanadium, two other antidiabetic drugs 
known to increase cellular glucose utilization, on leptin 
secretion, glucose uptake, and lactate production in isolated 
cultured rat adipocytes. Our goal was to use these com- 
pounds as tools to examine their effects for altering adipo- 
cyte glucose utilization on leptin secretion. Therefore, we 
used concentrations within a range that were found to pro- 
duce significant increases of adipocyte glucose uptake. Par- 
ticularly in the case of metformin, these concentrations 
(0.25 to 5.0 mM) were far above the range of plasma 
concentrations (0.005 to 0.02 mM) observed in patients 
treated with therapeutic doses of metformin (40). In fact, at 
therapeutic concentrations, metformin seems to act primar- 
ily to inhibit hepatic glucose production with limited, if any, 
effects on peripheral glucose uptake (41-43). At therapeutic 
concentrations, metformin generally has little direct effect 
on glucose utilization in Vitro (44,45). At concentrations 
higher than those achieved in serum with therapeutic met- 
formin administration, metformin stimulates glucose trans- 
port by rat (46,47) and human adipocytes (48), and in rat 
and human skeletal muscle (see reviews in 29,34,48,49). At 
the cellular level, high concentrations of metformin increase 
insulin receptor binding, along with tyrosine kinase activity, 
glucose transport, and glycogen synthesis (33,34). 

In the present study, metformin concentrations ranging 
from 0.5 to 5.0 mM increased both glucose uptake and 
lactate production. In addition to increasing absolute lactate 
production, metformin at 1.0 and 5.0 mM increased the 
percentage of glucose carbon that was metabolized to lac- 
tate and released into the culture media by 80% to 170%. At 
high concentrations of metformin (= 25.0 mM), both glu- 
cose uptake and lactate production were markedly inhibited, 
most likely due to a toxic effect of very high levels' of 
metformin on cellular metabolism. Metformin at 0.5 mM 
modestly increased leptin secretion by —20%. 
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Table 2. Effects of insulin (L6 nM) or vanadium on glucose uptake, lactate production, and the percentage 
of glucose carbon taken up that was released as lactate by isolated rat adipocytes over 96 hours in culture 
(mean ± SEM) 



[Vanadium] (/xM); 
no insulin added 



Glucose uptake 
(fimol) over 96 hours 



Lactate production 
(ftmol) over 96 hours 



Glucose to 
lactate (%) 



Control (n = 14) 
1.6 nM Ins (n = 14) 
5.0 (n = 12) ■ 
10.0 (« = 6) 
20.0 (n = 12) 
50.0 (n = 13) 



6.8 ± 0.5 
9.4 ± 0.9§ 

7.8 ± 1.1§ 
8.2 ± 1.3% 
8.7 ± 1.2} 

6.9 ± 1.02 



5.6 ± 0.6 

5.7 ± 0.7 
5.7 ± 0.6* 

5.2 ± 0.8t 

6.3 ± 0.6 
4.9 ± 0.5 



42.4 ± 4.3 
33.0 ± 3.5$ 

40.5 ± 4.7 
36.0 ± 6.5 

41.6 ± 5.0 
53.3 ± 9.4 



* p = o.05; | P = 0.02; %P = 0.0025; § p - 0.0005; vs. corresponding control wells from the same adipocyte suspensions. 



Importantly, this was the only concentration of met- 
formin tested that increased glucose uptake without shunt- 
ing a greater proportion of glucose into lactate production. 
In contrast, at concentrations of 1.0 mM and higher, leptin 
secretion was modestly to markedly suppressed. 

A significant proportion of glucose taken up by adipose 
tissue is metabolized to lactate and released (50). At met- 
formin concentrations < 5.0 mM, leptin secretion was in- 
versely related to the amount of glucose taken up by the 
adipocytes, converted to lactate, and released into the me- 
dia. We have previously observed that the stimulation of 
leptin secretion by insulin is associated not only with in- 
creased glucose utilization, but with a decrease in the pro- 



portional conversion of glucose to lactate (28), a finding that 
was also observed within the control groups in the present 
study (Figure 4). Thus, when lactate production is increased, 
less carbon derived from glucose is available to enter the 
tricarboxylic acid cycle either for oxidation or use in de 
novo lipogenesis. Together, these data suggest that it is not 
glucose uptake, per se, but its metabolism beyond pyruvate 
and lactate in the adipocyte that is involved in the action of 
glucose to stimulate leptin secretion. Thus, the anaerobic 
metabolism of glucose does not stimulate leptin production. 
The entry of glucose into the hexosamine biosynthetic path- 
way and the production of UDP-glucosamine have been 
suggested as a mechanism by which glucose utilization can 
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Figure 5. Glucose utilization (corrected for media sampling and 
replacement) over 96 hours in by isolated rat adipocytes in primary 
culture with vanadium at concentrations from 0 to 50.0 jxM or with 
insulin at 1 .6 nM. 
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replacement) over 96 hours by isolated rat adipocytes in primary 
culture with vanadium at concentrations from 0 to 50.0 fxM or with 
insulin at 1 .6 nM. 
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stimulate leptin production in adipose tissue (51). However, 
our results indicate that glucose can be metabolized to 
lactate, a point well beyond where glucose enters the hex- 
osamine pathway, without stimulating leptin production. 
Therefore, if the hexosamine pathway were to be the sole 
mechanism by which glucose regulates leptin production, 
one would need to postulate that either anaerobic glucose 
metabolism and/or metformin itself, have an inhibitory 
effect on glucose entry into this pathway. The results of 
the present study suggest that it is more likely that the 
effect of glucose metabolism to stimulate leptin produc- 
tion involves glucose oxidation and/or the production of 
lipogenic precursors. 

Metformin at 0.1 and 0.25 mM did not effect glucose 
metabolism or leptin secretion. Thus, metformin at thera- 
peutic levels is unlikely to affect leptin production in vivo. 
Of the concentrations of metformin tested in this study, only 
0.5 mM increased glucose uptake without shunting a larger 
proportion of the glucose into lactate. As previously dis- 
cussed, this was the only concentration of metformin that 
had effects on glucose metabolism that did not inhibit leptin 
secretion, and, in fact, leptin secretion was modestly in- 
creased at 0.5 mM. Thus, only when glucose uptake and its 
metabolism beyond lactate were simultaneously increased, 
did we observe an increase, and not an inhibition, of leptin 
secretion. Therefore, it seems that only within a very narrow 
concentration range is metformin able to have a net effect to 
increase glucose uptake as well as its metabolism beyond 
lactate in isolated adipocytes. Accordingly, the effects of 
metformin to inhibit leptin secretion at most concentrations 
examined is likely to be a result of its effects to direct 
pyruvate metabolism into lactate and away from other po- 
tential pathways for pyruvate metabolism such as oxidation 
or lipogenesis. 

The use of vanadium-containing compounds in the treat- 
ment of diabetes has been widely investigated in animals 
(52,53), and a few clinical trials have been conducted in 
human patients (54,55). A compound structurally similar to 
the form of organised vanadium used in this study (BMOV) 
has recently entered Phase 1 clinical trials. To our knowl- 
edge, the present study is the first report examining the 
effects of a vanadium compound on leptin production in 
vivo or in vitro. 

Vanadium stimulated glucose uptake at concentrations up 
to 20 /xM, whereas glucose uptake was not affected by a 
concentration of 50 /aM. Lactate production was modestly 
increased at the lower concentrations of vanadium. We 
found that vanadium at a low concentration of 5.0 /xM did 
not affect leptin production, however, concentrations of 
10.0 /xM and higher inhibited leptin secretion from isolated 
adipocytes by 30% to 60%. Although the amount of leptin 
secreted was inversely proportional to the percentage con- 
version of glucose to lactate across the concentrations of 



vanadium tested, this relationship was significantly weaker 
than that observed across metformin concentrations. 

Furthermore, the proportion of glucose taken up and 
released as lactate was unaffected by vanadium at any 
concentration. Thus, in contrast to what was observed with 
metformin, the ability of vanadium to inhibit leptin secre- 
tion seems to be independent of any effects on glucose 
metabolism or lactate production, most likely because it 
does not increase the proportion of glucose fluxing into 
anaerobic metabolism. 

The observed effects of vanadium result from one or 
more of the multiple known biological actions of vanadium 
in cells. These include the inhibition of protein tyrosine 
phosphatases and the activation of cytosolic protein- 
tyrosine kinases, resulting in the alteration of cellular ty- 
rosine phosphorylation content (30,56). Vanadium has also 
been shown to exert direct inhibitory effects on a number of 
other cellular enzymes, including acid, alkaline, and dual- 
function phosphatases, ATPases, glucose-6-phosphatase, 
and fructose-2,6-bisphosphatase (30,55). At high concentra- 
tions, vanadium might exert some toxic effects on the cells, 
an effect which could underlie the lack of effect of the 
highest concentration of vanadium to stimulate glucose 
uptake, as well as the inhibition of leptin production at the 
two highest concentrations examined. In particular, the 
effects of vanadium to inhibit the activity of one or more 
enzymes involved in cellular energy metabolism could 
both inhibit leptin production and, at high concentrations, 
impair the ability of the cell to utilize energy derived 
from glucose metabolism. 

In vanadium-treated animals, plasma vanadium concen- 
trations have been estimated to be in the 1 0 to 20 /xM range 
and in human clinical trials in the 1 to 5 yM range (53). 
Although it is unlikely based on the present results that the 
concentration of vanadium achieved in humans would be 
sufficient to affect leptin production, previous human stud- 
ies employed low doses of vanadyl sulfate or sodium meta- 
vanadate, which are molecular forms that exhibit poor 
bioavailability. The potential effects on leptin secretion of 
the more readily absorbed forms of vanadium, such as the 
organified vanadium compound (BMOV) used in 
the present study (31), should therefore be considered. 

In summary, both metformin and vanadium inhibit leptin 
secretion from primary cultures of rat adipocyte at concen- 
trations that significantly increase glucose utilization. The 
inhibition of leptin production by metformin, but not by 
vanadium, is related to an increased conversion of glucose 
to lactate (i.e., anaerobic metabolism). This effect of met- 
formin, coupled with our previous findings (28), suggests 
that the effect of glucose utilization to stimulate leptin 
production is not mediated by glucose uptake per se but 
involves the metabolism of glucose beyond pyruvate to a 
fate other than lactate, possibly oxidation or lipogenesis. 
Thus, metformin is a useful tool for examining the effects of 
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increasing anaerobic glucose metabolism. Further research, 
including examination of the potential roles of glucose 
oxidation and lipogenesis, needs to be conducted to deter- 
mine the precise biochemical and molecular mechanisms by 
which glucose metabolism regulates leptin production. 
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Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

Torben F. 0rntoft|:§, Thomas ThykjaerU, Frederic M. Waldman||, Hans Wolf**, 
and Julio E. Celisfct 



Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis. The results showed 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d), 
ems 1, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11p-, 1q+, 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material- Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 



1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. B, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
{left). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line {broken) indicates a ratio value of 1 (no change), and the vertical lines next to it {dotted) indicate a ratio of 
0.5 {left) and 2.0 {right). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDLDK/sdata.html). The bars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-fold 
increase {black), >2-fold decrease (blue), no significant change (orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated {black), at least half of the genes 
down-regulated {blue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of -1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A) + RNA was isolated by an oligo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation— 1 ng of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 /xg of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5 x SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 /xg/ml (Molecular Probes) in 6x SSPE-T 
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for 30 min at 25 °C followed by 10 washes in 6x SSPE-T at 25 °C. The 
probe arrays were scanned at 560 nm using a confocai laser scanning 
microscope (made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsatellite Analysis - Microsatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PGR in a volume of 20 /J for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis-TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immune-blotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH- Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 ^g) were 
denatured at 37 °C for 5 min and applied to denatured norma! met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 ^g/ml 4,6-diamidino-2-phe- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
greemred fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the greemred fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization -The CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 



Correlation between alterations detected by CGH and by expression monitoring 
Top, CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
pnondfint variable (if exDression alteration - what CGH deviation was found). 





Tumor 733 vs. 335 


Concordance 


CGH alterations 


Tumor 827 vs. 532 


Concordance 


CGH alterations 


Expression change clusters 


Expression change clusters 


13 Gain 
10 Loss 


10 Up-regulation 

0 Down-regulation 

3 No change 

1 Up-regulation 

5 Down-regulation 

4 No change 


77% 
50% 


10 Gain 
12 Loss 


8 Up-regulation 
0 Down-regulation 

2 No change 

3 Up-regulation 

2 Down regulation 
7 No change 


80% 
17% 




Tumor 733 vs. 335 


Concordance 




Tumor 827 vs. 532 


Concordance 


Express.cn change clusters CGH alterations 


u.au yc CGH alterations 


16 Up-regulation 
21 Down-regulation 
15 No change 


11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

. 12 No change 
3 Gain 
3 Loss 

9 No change 


69% 
38% 
60% 


17 Up-regulation 
9 Down-regulation 
21 No change 


10 Gain 

5 Loss 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

17 No change 


59% 
33% 
81% 



two invasive tumors (stage pT1 , TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17 + , and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1 . Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. 1A) and 
20q12inTCC 827 (Fig. 1B). 

mRNA Expression in Relation to DNA Copy Number-The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1 ,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy . number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. i). 

For each mRNA a ratio was calculated between the level in 
the Invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal materia! contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, top). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, top). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig 2 Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
motoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 <♦ ) and their noninvasive 
Counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1. which depicts the result ng 
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to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or m.nus one standard deviat.on was outs.de the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2). For both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2). Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es- In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1 . TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no. change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1 A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

• A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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Fig. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general ^-spectrin (gene number 1 1 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (AO, and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the .pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated (horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (top of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class /x number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 13; B (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C (from left), <x-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-c, and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
top), glutathione S-transf erase- tt and mesothelial keratin K7 (type II); 
F (from top and left), adenylyl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal y-actin, hnRNP A1, integral membrane protein calnexin 
(1P90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translationally controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na,K- 
ATPase^/3-1 subunit; G, (from top and left), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transf er- 
ase-rr, and keratin 8; H (from left), plasma gelsolin, autoantigen cai- 
reticulin, thioredoxin, and NAD + -dependent 15 hydroxyprostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from top and left), 90-kDa heat 
shock protein, prolyl 4-hydroxylase /3-subunit, a-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
{left) and the oligonucleotide array {right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 {red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array (red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure {left) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IBF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table ll 



Proteins whose expression level correlates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcript alteration 8 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres a 


Increase 


Annexin IV 


2p13 


733 


Gain 


3.9-Fold up 


Increase 


Cytokeratin 17 


17q12-q21 


827 


Gain 


3.8-Fold up 


Increase 


Cytokeratin 20 


17q21.1 


827 


Gain 


6.6-Fold up 


Increase 


(PA-)FABP 


8q21.2 


827 


Loss 


10-Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3-Fold up 


Increase 


Plasma gelsolin 


9q31 


827 


Gain 


Abs to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibitin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up* 


Increase 


Profyl-4-hydroxyl 


17q25 


827/733 


Gain 


5.7-/1 .6-Fold up 


Increase 


hnRNPBI 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



* Abs, absent; Pres, present. 

b In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with cfe novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1 q+, Y- 
(2, 6), and in pT1 tumors, 2q-,1 1p-, 1 1q-, 1q+, 5p+, 8q+, 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1 q22-24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q1 3+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translations 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells . as deter- 
mined by arrays and 2D- PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et al. (26) in yeast. 

Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript. One possible 
explanation could be that by losing one allele the changp in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number ^ 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent amplicons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
Changes had a substantial Impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% or the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel amplicon at I7q213 was validated in 
1(U% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), » breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1. Impact of gene copy number on global gene expression levels. A. percentage of 
over- and undercxpresscd genes (/ axis) according to copy number ratios (Xans). 
Threshold values used for over- and undcTCxprcssion were >2.I84 (global upper 7% of 
the cDNA ratios) and <0.4826 (global lower 7% of the expression ratios^. 
of amplified and deleted genes according to expression ratios. Threshold values tor 
amplification and deletion were > 1.5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (6) identify and characterize those genes whose mRNA expres- 



3 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse transcripuon-PCR. 
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sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell titles. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361 , MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, ZR-75-1. and ZR-75-30) were obuined from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (11-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
1 5). Briefly, 20 of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 h with Alul and teal (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenoUchloroform extraction. Six 
jig of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posthybridizaiion washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty Mg of reference RNA were 
labeled with Cy3-dUTP and 3.5 j*g of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (/.*., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio >1.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values m each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1 .43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, for each gene as follows: 

irigi " rrigo 

where «„, (r xl and or^ denote the means and SDs for the expression 
levels for amplified and nonamplitled cell lines, respectively. To assess the 
statistical significance of each weight, we formed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141 . 6 A database of genomic sequence alignment mformation 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



6 Interact address: bttp-y/research.nhg^^ 

7 Internet address: www.gcnomc.ucsc.edu. 
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Table I Summary of independent amplicons in 14 breast cancer cell fines by 
CGH microarray 



Location 



lp!3 
Iq2l 
Iq22 
3pl4 

7pl2.1-7pll.2 

7q3t 

7q32 

8q2Ul-8q2U3 
8q21J 

8q233-«q24J4 

8q24.22 

9pl3 

13q22-q31 

16q22 

I7qll 

I7ql2-q21.2 
l7q2U2-q2U3 

17q233-q24.3 

I9q13 

20qtl.22 

20ql3.12 

20ql3.12-ql3.13 

20ql3.2-ql3.32 



Start (Mb) 


End (Mb) 


Size (Mb) 


1M TO 


132.94 


0.2 




177.25 


33 




179.57 


0.3 


71.94 


74.66 


2.7 


JV5 


60.95 


5.3 




130.96 


5.2 


140 f\\ 
IHV.Vl 


140.68 


0.7 




92.46 


6.0 


QO AC 


103.05 


4.6 


1 *>() 99 ~X 


142.15 


12.3 


151.21 


152.16 


1.0 


35.03 


39.25 


0.6 


77.13 


8138 


4.2 


86.70 


87.62 


0.9 


29.30 


30.85 


1.6 


39.79 


42.80 


3.0 


52.47 


55.80 


33 


63.81 


69.70 


5.9 


69.93 


74.99 


5.1 


40.63 


41.40 


0.8 


34.59 


35.85 


1.3 


44.00 


45.62 


1.6 


46.45 


49.43 


3.0 


5U2 


59.12 


7.8 



GENE EXPRESSION PATTERNS W BREAST CANCER 

CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these ampticons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q213 (52:47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
eel! line at lpl3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl l-pl2 (Fig. 3,4). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 35). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent ampiicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. IB. inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <1.5). The am- 
piicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOrange (Vysis, Downers Grove, IL), and Spcctrum- 
Orange-labclcd probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, WI) with 10 ng of mRNA 
as a template. HOXB7 primers were 5'-GAGCAGAGGGACTCGGACTT-3' 
and 5'-GCGTCAGGTAGCGATTGTAG-3'. 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e„ belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
!). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profiler. A, genes in the 
7pl l-pl2 ampiicon in the MDA-468 ceil line are highly expressed {red \dots) and include 
tie ^oncogene. * several genes in the I7ql2, ^.and X l^^^V^ ? 
BT-474 breast cancer cell line are highly overexpressed (red) and include the HOXB? 
gene. The data labels and color coding arc as indicated for Fig. 2C Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR {red) and chromosome 7 
centromere probe (green) to MDA-468 {A) ™d ffOOT-spedfic probe {red) and chro- 
mosome 17 centromere (green) to BT-474 cells (B). 

mi 



GENE EXPRESSION PATTERNS IN BREAST CANCER- 



Copy 



Fig. 4. List of 50 genes with a statistically 
significant correlation (a value <0X>5) between 
gene copy number and gene expression. Name, 
chromosomal location* and the a value for each 
gene are indicated The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients {P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontolojgy data,* 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



lntcrnct address; http://www.gcneontology.org/. 



* Internet address: http^/www.rjcbi.rdro.nih-gov/entrez. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level pins on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many, genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for oyerexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
rinding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGFRy ribosomal protein s6 kinase, and AIB3, but also numerous 
novel genes such as NRAS-r elated gene (lp!3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA microanrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer, and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q2K3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Contributed by Patrick O. Brown. August 6. 2002 
Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DMA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number Influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
KL FGFR1 (8pll), MYC (8q24), CCND1 <llql3), ERBB2 
(17ql2), and ZNF217 (20ql3)] and tumor suppressor genes 
TRBl (13ql4) and TP53 (17pl3)]> the relevant gene(s) within 
other regions (e.g., gain of Iq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions Because we had measured mRNA levels in parailel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 
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this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
Jarge (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of ^dividual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
inf ormation on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either usmg Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et al. (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters 
volumes of all reagents were adjusted accordingly. "Test DNA 
(from tumors and cell lines) was f luorescently labeled (CyS) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
ma! female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.Ibl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significamly from background ratios measured m 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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fig.1. Genome-wWemeasurementofDNAcop^^ 

numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a d.fferent cell line or tumor, and each ^umn represents 

nearest neighbors) fluorescence ratios (test/reference) are depicted using a log^ased pseudocolor scale (Indicated), sudi that £d lum ^nescence nrterb 
fold^mpllfication. green luminescence reflects fold-deletion, and black indicates no change (gray mdKates poorly measured data). (6) Enlarged «ew of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for ail elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://gcnome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. lb), as we did before 
(7), demonstrated the sensitivity of our method to detect single- 
copy loss (45, XO), and 15- (47,XXX), 2- (48,XXXX), or 
2.5-fold (49,XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within Iq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (rets. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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Fig. 2. ONAcopy number alteration acrosschromosome8byarrayCGH.(a)DNA copy n 

of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered ^h,e«^ 

highlight recurrent copy number changes. The 241 genes present on the microarrays and mapping to chromosome 8 are ordered by posrtwn^ along the 

cnromVsome Fluorescence ratios (test /reference) are depicted by a log, pseudocolor scale (indicated). Selected genes are Indicated with color<oded text (re* 

^r^ 

of samples displaying the ONA copy number change). The map positions for genes of Merest that are not represented on ^e rikwng ££££ ratios 
row above those genes represented on the array, (b) Graphical dispHy of DNA copy number profile for breast cancer cell Ime SK8R3. Fluorescence rat«s 
(tumor/normal) are plotted on a log 2 scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to s 
be significantly higher in breast tumors that were high grade (P « 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P - 0.04), and harboring TP53 mutations (P - 
0.0006) (sec Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DMA copy number and gene expression across chromosome 1 7. DNA copy number arteration (Upper) and Jevets {Love* 
are Illustrated for breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separately ordered ^ m ^^^^^ 9 ^ 
identicalsampleorderism^ 

and mRNA levels were determined, are ordered by position along the chromosome; selected genes are indicated In color-coded text (see Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate iog 2 pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-leveJ amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's 
t tests comparing adjacent classes: cell lines, 4 x 10~**, 1 x 10~ 4 , 
5 x 10-*, 1 x 10- 2 ; tumors, 1 x lfT 43 , 1 * 10-* 4 , 5 x 10" 41 , 
1 X 10" 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 1.5-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 46). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right taU of the distribution 
in Fig. 4b) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variaUon in gene 
copy number increases to 12% (Fig. Ad). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generaiizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et al (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highly (>2-fbld) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-foid increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fo!d altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(eg., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Julie SanfordHanna, Ph,D. and Dan Mornin. MD. 



Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 1 0%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, Path Vysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin 0 in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin 0 in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

HER-2/oeu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
8829 1 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 



Procedural Information 

Immunohistochernistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest*. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ©f the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved Path Vysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 17, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 1 7ql 1 .2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C.F.R. 8 L132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

1, Audrey D. Goddard, PLD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



Serial No.:* 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et a/., Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sci. USA . 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al y Nature 
396(67 12):699-703 (1998) (Exhibit F) and Bieche et al Ant I Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 



useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. T declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
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Genentech, Inc. 
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110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 
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PROFESSIONAL EXPERIENCE 



Gerientech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DAW sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 



Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1 983 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 
Toronto, Ontario, Canada. 1989 
Department of Medical 
Biophysics. 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D, Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6.455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski P J, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 



Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL t Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM . Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggan/val S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal . 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murohe, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood W I, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. . 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1 997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 



Audrey D. Goddard, Ph.D page 7 of 9 



Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL. Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q. Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 1 42: 1659-65. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although tbc potential benefits of PCR 1 to. clin- 
ical <&gno4tics arc well kuow^'Vit still not 
widely used in this setting, even Plough it is 
four years tinoo thcrmo*t»bJ«: DNA polymer- 
ase* 4 made PCR practical. Some of the reasons for m slow 
acceptance are high cost, tank of automation of pre-* and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once thermocy* 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridisation 5 * 6 , gel ekctrophomis with or 
without use of restriction digestion*;*, HPlXr- or capillary 
electrophoresis 10 - These methods arc labor -intense, have 
low throughput, and are difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without. the need to separate reaction components 
have been termed "homogeneous' 1 „ No truly hbmogc-. 
tieous PGR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
al 1 *, developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Ailc*c-spedfic primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result- Recently, Holland, et al> ls , developed an assay in 
which the endogenous 5 r exonudease assay of Toq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed, 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc greatly in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they ate bound to.ds- 
DNA M-1 *. As outlined in Figure J, a prototypic PCR 
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1 Principle of simultaneous amplification and detection of 
PCR product: The component* of a PCR tOOtainrn^ EtBr that arc 
fluorescent are hsted— fctBr itself, EtBr bound to other ssDNA ot 
dsDN A. There Lt a lar^c fluorescence enhancement wheu EtBr is 
bound to PNA and hmdin> is greatly enhanced when DNA .is 
doubk-stranded. After sutticicTit <n)..cyclcs of PGR* the .net 
increase in dsDNA results in additional EtBr bnoding, and a net 
incrcRAc in total fluomsccnan 
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RWtt 2 Gel electrophoresis of PCR amplification products of the 
human, tiudcar gene, HLA DQfit, made in the presence of 
incTttWiflg amounts of EtBr (up to ? Kg/ml). The presence of 
fctljr iw*s no obvious effect on the yield or specificity of amplifi- 
cation. 
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ROOTS 3 (A) Fluorescence measurement^ from PCRs that contain 
0.5 ngftn! EtBr and that arc specific for Y-^JsromosOOTc repeat 
sequence*. Five replicate PCRs 'twere begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
PCRf for each DNA -was removed from therm ocy ding and Hs 
fluorescence measured. Units of fluuraiccncc are arbitrary. {B} 
UV photography of PGR tube* (0.5 ml Eppcndc-rf-stylc, polypro- 
pylene miero-eenirifugc :tubes) containing reactions, those start* 
ing from 2 ng male DNA and control reactions without any DMA, 
from (A), 
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begins with primers that are tingle-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amount* of DNA ir to 
micrograms per PCR^ 8 , If EtBr is present, the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its mtercalation between the stacked bases of the DNA 
doobJc-hctbt). After the first denaturation cycle, target 
DNA will be largely single-stranded. After a FCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence- There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, che effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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bcibrc and after, or even comimtously during, thennocy- 
ding. 

RESULTS 

PCR in fiic presence of EtBr. In order to assess the 
affect of EtBr in PCR, amplifications of the human HLA 
DQ/x gene >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 M-gfail (a typtcaj concen- 
tration of EtBr used in staining of nucleic acids following 
get electrophoresis is 0.5 u.g/mF), As shown in Figure 2, gel 
electronborcsis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

Detection of human Y-chromosorac specific st* 
arrestees* Sequence -specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplifications containing 0,5 u>g/m| EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc**. These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng male human or no DNA. 
Five replkate PCRs were begun for each DNA* After 9, 
17, 21, 24 and 29 cycles of thenuocyding, a PCR for each 
DNA was removed from the therrnc*cycler f and its fluo- 
rescence measured in a spectrofmorometer and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the rime an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased about, three-fold 
over the background fluorescence for the PCRs Contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more mak DNA 
present to begin with— 60 ng versus 2 ng— me fewer 
cycles were needed to give a dctectabtt increase in fluo- 
rescence. Gel electiwboresis o?> the products of these 
amplifications showed diat DNA fragments of the ex- 
pected sue were made in the male. DNA containing 
reactions and that little DNA synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
tiransilrurninatOT and photographing them through a red 
filter. This is shown in figure SB for the reactions that 
began with 2 ng male DNA and those with no DNA- 

Detection of specific alleles of the human p-globin 
gene. In order to demonstrate that this approach has 
adequate spedncky to allow genetic screening! a dttcction 
of the siclue-ccll anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplifications 

containing EtBr (0.5 ng/ml) a$ detected by photography 

of the reaction cubes on a UV transiUuminator, These 
reactions were performed using printer* specific for ci- 
ther the wild -tvpe or skkk-cell mutation of the human 
^lobin gene . The spc^ncity for each allele is imparted 
by placing the sickle-mutation site at the terrains! 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am- 
plification—can take place only if the 3' nucleotide of the 
primtr is coraplemcntary to the 0-gtobin allele prcscnt^ , * s . 

Each pair Of amplifications shown in Figure 4 consists of 
a reaction with etcher the wild-type allele specific (left 
tube) or skklc-aUele spedfic (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wikl-typc p-globin individual (A A); from a heterozygous 
sickle p-globin individual (AS); and from a homozygous 
sickle p-gioten individual (SS). Each DNA (50 ng genomic 
DNA to start each PCR) was analyzed m triplicate (3 pair* 
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e reactions each). The DNA .type -was reflected in the ; 
Jxlatrve fluorcjeexiee intensities in each pair of completed 
flfn p]?£cationfi. There was a significant increase in fluores* 
only where a fi-globin aflele DNA matched the 
^jner act. When measured on a spcctroflnorornctcr 
Mata not shown), this Buorcsccjoicc was about three times 
j^t present in a PCR where both 0-globin alleles were 
^inatchcd to the primer set. Gel ckctrt>phofe$i* (not 
phowii) established that this increase in fluorescence was 
to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for 0-jglobin. There was 
little synthesis of dsDNA to reactions in. which the allele- 
spedfic primer was mismatched to both alleles* 

Continuous rnowrtoribog of a PCR. Using a fiber optic 
device? it i$ possible to direct excitation illumination from 
2, spectrofluoTometer to a PGR undergoing thcrrnocycling 
and to return its fluorescence to the spearoftiiorometer. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-concaining amplification of Y-chromo- 
soroc spcciGc sequences from 25 rig of Wroan male DNA, 
is shown in Figure 5. The readout from a control PCR 
v iUi no target DNA is also shown. Thirty cycles of PCR 
were monitored for each- 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence intcn- 
»ty rises and fails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (94°C) and maximum at the anneaUn ^extension 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty thcrmocyclcs, indicating that there is 
folic dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
tfic continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of theTroocycling, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation temperature, do not 
significantly increase, presumably because al this temper- 
ature there is no dsDNA for EtBr to bind. Tbus the course 
of the amplification is followed by tracking the fluorcs*. 
cence increase at the aancaHng temperature. Analysis of 
the products of these two amplifications by gel. electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sampte. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance die specificity of DNA 
decetAiuu by PCR. The cumiootkm of thcac proccraco. 
means that' the specificity of this homogeneous assay 
depends solely on that of PCR. In the case of sicUe-celi 
diicase, wc have shown that PGR alone has sufficient DNA 
Rcqucnce specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spectficiiy required to detect pathogens can be 
more or less than that required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which TequiTcs detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with generic 
screening, which is performed on cells containing at least 
one copy of die target sequence, HIV idetection requires 
both more specificity and the input of more total 
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4 UV photography of PCR tubes containing tunpl^cauoiu 
using EtBr that are specific to wild-type (A) or *ic«e (S) allele* of 
the human 0-globin gene. The left of pair of tubes contains 
aBele»speczfie primers to the wild-type alleles, the right lube 
primers to the sicWe aflek. The photograph was talc* after &Q 
cycles of PCR, and the input DNAs and the alkies they contain 
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ire bMijcated. rlrVy ng of DNA was used to begin PCFL Typtng 
triplicate (3 pairs of PCRs) for each input DNA: 
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0 2000 4000 6000 8000 
time (sec) 

ftttR& S Continuous, real-time monitoring of a PCR, A fiber optk 
was oscd to carry excitation Itgnl tn 3 PUR in progress and also 
emHted light back to a Buoromctcr (&cc ExDcntJicntal Protocol). 
Amplification miog human malo-DNA specific pnmcrs in a PCR 
Starting with 20 ng of human male DNA (too), or in a control 
PC* without DNA (bottom), were, roonhorco. Thirty cydes of 
PCR verc foJiowed for each. The temperature Cycled between 
94*C (detwturation) and 60*C (annealing and extensjon). Note in 
the male DNA PCR,. the cycle (dmc) dependent increase ui 
fluorescence at the aniieaBn^extension temperature. 
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DNA — up to microgram amounts— in order to have suf- 
ficient number* of target sequences. This large amount of 
starting DNA m an amplification sig&i&cantfy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the **priraer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete with 
true PCR targets if those targets are rare. The primfer- 
dimer product i$ of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay, 

To increase PGR specificity and reduce the eHcet of 
prirner-dimcT amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a sin^Jc tube*, and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest that^rimcr-dirDCT is effectively reduced 
and it is possible to detect the increase in EtDr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ceils. With larger nutnberB of ccfls, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce thjg background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to 
the oligonucleotide primer 24 . 

We have shown . that the detection of fluorescence 
generated by an EtBrKxmtaining PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-weJl format* . In this format, the fluores- 
cence in each PCR can be ouantitated before, after, and 
even at selected points during therroocyciing by moving 
the rack of PCRs to a 967mierowc.ll plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the. amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoHinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screcning--eontintJous 
monitoring may provide a means of detecting fahc posi- 
tive and false negative results* With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
result* due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker Tcsults in a 
fluorescence increase only after a large number of cy- 
cles — many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, iohibiuon may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based On this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary , the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Human HLA-DQ^ gent amplifications containing Etor. 
PCRs were set up in 100 )4 volumes containing 10 mM Tris-HCl, 
pH 8.3; 50 mM KCl; 4 raM MgC^: S-5 units of Too DNA 
polymerase (Per1cm*£}tncr Ccrm, Norwalk« CT); 20 pinole each 
of human KtA-DQa gene specific oligonucleotide primers 
UH26 and CH27 19 and approximate!; W copies of DQ<* PCK 
product diluted from a previous reaction. Ethidium bromide 
(Et Br, SignvO was used at the concentrations indicated in Figure 
2. Thcrroocyding proceeded for 20 cycles in a model 460 
thcrmocyder (Perkm-Elmcr Cctua, Norwalk, CT) using a "stcp- 
cycJc" program of 94*C for 1 mm, denaui ration and 60T. for 30 
sec anneaSng and 72°C for 3D sec. extension, 

Y-chromowxnc specific PCR. PCRs (100 ul total reaction 
volume) containing U-5 vtgto) EtBr were prepared as described 
for HLA-DQe*, except with different primers and target DNAs. 
These PCRs contained 1 S pmolc each male DNA-spcctfoc primes 
YI.l and Yl.2 M , and cither 60 ng male, €0 Og female, 2 ng raafc. 
or no human DNA. Thermocycling was W 6 C Tor 1 min. and 60*C 
for 1 min using a "step-cycle* prograttj- The number of cycles for 
a sample were as indicated in figure 3. Fluorescence measure- 
ment is described below. 

All ck -specific, human £-globin gvoe PCJL Amplifications of 
100 volume vsmg 0 5 jLg/ml of ZtBr were prepared a* 
described for HX-A^DQ* above except with different primers and 
target DNAs. These PCRs contained either, primer pair HGPW 
Hp MA {wflo-type globtn ^peciac primers) or HGr2/H£MS (sicJc- 
le-rictbin srxrtific primers) at 10 pmoJe each piimcr per PCR, 
These primers were developed by Wu ct ai 21 . Three different 
target DNA* were used in separate amplifications— 50 ng each of 
human DNA that was homozygous for the *»cWc trait (SS), DNA 
that was heterorygom for the sickle trak <A$)» or DNA that vras 
homozygous for the W.t- ^Jobin (AA). ThcTmocYcBng was for SO 
cycles at frTC for 1 min. and 55*C Cor 1 min. using a "sujMrckf 
program. An annealing temperature of $5*C bad been shown vy 
Wu et al. 2J 10 provide allclc-spccirk amplincation- Completed 
PCRs were photogTaphcd through a red filter <Wratten 
after placing the reaction lube* atop a model TM-36 transiHumi- 
nator (tiV-products Sari' Gabriel, CA>. 

nuoreseence measiireinem. Fluoresces Tncasurcraenw were 
made oh PCRs containing EtBr in a Fluorolog*2 flttorornCtcr 
(SPEX. Edison, NJ). Exdtation was at the 500 nm band with 
about 2 nm bandwidth with a GG 455 nm cutoff nJutrJJMcHcs 
Grist Inc., Irvine. CA) to exclude second-order light. Emrueu 
light was detected at nm with a bandwidth of about 7 nm. An 
OG 530 nm cut -off filter was used to remove the excrtauon h^t 
Contiuttouft m^orescence xnouitormg of PCR, Continuous 
monitoring oiP a PCR in progress was accomplished using mc 
Bpcctrofluoromeier and settings descrrbod Above as wetf as a 
fiberoptic accessory (SP£X caL no. 1950) to both send excttauon 
light to, and receive emiORcl light from, a PCR placed in a well m 
a model 480 rberinocycler {Ptrkm-Elmer Cetux). The probe end 
of. the fiberoptic cable was attached with "5 mrnrte-cpoxy* to m 
open top of a PCR tube (a 0.5 ml pc4ypropytenc centrifuge rube 
with its cap removed) effectively scaling it. The exposed top at 
the PGR tube and the end of the fiberoptic cable were shielded 
from room light and the room lights were kept dimmed during 
each run. The monitored PCR was an aenputicauon of y-cbro- 
mos6mc-fipcdfic repeat secjuences as described above, except 
using. an anneahng/extension lemperauirc of 50°C. The rcacuan 
was covered with mineral oil (2 drop*) to prevent evapdrauon. 
TbcrmocycUng and fruorcsecncc measurement were started si* 
multancously, A time-base scan with a 10 second mtegratioiy tunc 
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w a5 uw?d And ihc emfc&ion 5tgnaJ was radocd to' tbr. excitation 
flign*] W control for Ch3«fte* in ]i§ht-annirec intensity. Dat> were 
fleeted using the dn>3000f, version 2.5 (SPEX) data system- 

\Vc <tank bob Jones for hcip with the specttofluormeme 
mnwureiJicuts and HeaiherbeU Fong for editing' this manuscript 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysacchaxicle 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of te soluble form is altered under 
certain pathological conditions. There- is evidence for 
an important role of $CD~t4.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monftoring these patients. 



1BL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x 8 determinations 
(microliter strips), 
precoated wftn a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and Nerassay < 8% 



For more information call or fax 
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Wc have enhanced the polymerase chain 
reaction (PGR) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

lthough the potential benefits of FCR 1 to clin- 
ical diagnostics arc well known 2 '*, it i* still not 



A 

f—\ widely used in this setting, even though it is 
JL Ja. four years eiuco thcrnjoftabl* P^A polymer- 
ase* 4 made PCR practical. Some of the reasons for it* slow, 
acceptance are high cost, lack of automation of pre- and 
post-PCR processing steps, and false positive results from 
carryoveT<onta ruination. The fi.m two points arc related 
in that labor is the largest contributor to cost flit the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once thermocy- 
ding is done in order io determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybrk^don** gel ekctropboresis with or 
without use of restriction digestion 7 : 8 , H PIXr, or capillary 
electrophoresis 10 * These methods are labor-intense, ha^e 
low ihroughput, and are difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



carryover" false positives in subsequent testing , 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in. which such different processes take 
jlace without, the need to separate reaction components 
iavc been termed ^mogeTteous*'. No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
ah*% developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AllcJc-specinc primers, cadi with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et at. 1 *, developed an assay in 
Which the endogenous 5 r exOnudease assay of Taq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. Hie probe would only cleave if PCR amptfn- 
cation had produced its complementary sequence. In 
order to decect the dcavage produccv, however, a subse- 
quent process » again needed, . „ _ 
We have developed a truly homogeneous assay for PGR 
and PCR product detection based upon the gready in- 
creased fluorescence that ethidium btonude and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA ,4l " ie . As outbneel in Figure 1, a proiotypk PCR 
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ITCWRt 1 Principle of simultaneous amplification and detection of 
PCR product: TTic cOBiponenu of a PCR eootsrinh^ EtBr that are 
fluorescent are listed— EiBr itself, EtBr bound to other ssDN A or 
daDN A. There Is a laqje fijiorcsccncc enhanrrment when EtBr is 
bound to DNA and bmdinjr is greatly enhanced when DNA is 
double-stranded. After sumcieTit <n) cycles of PGR, the net 
increase in dsDNA results in addrtional £t&r binding, and ? net 
increase in total Ruoroccnee: 
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RCWtt 2 Gel electrophoresis of PGR Amplification prod wets of the 
human, mtdeer gene, HLA DQa, made in die presence of 
increasing amounts of EtBr (up io 8 ng/ml). The presence of 
EtBr has no obvious efTect on she ytdd or spedfjeity of amplifi- 
cation. 



A. 





RGGtf 3 (A) Fluorescence measurement from PCRs that contain 
0.5 ng/mJ EtBr and that are specific for Y-chrotnosori>e repeat 
*eouence*. Frve replicate PCRs *ere begun containing each of the 
DNAs specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA -was removed from therm ocy ding and Hs 
fluorescence measured. Units of fluorescence art arbitrary. (B) 
UV photography of PGR tubes (0.5 ml Eppcndorf^tylc, jx>typro- 
pykne mtatxentrifuKc tubes) contaniing reactions, those .tta.ru 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 




begins with primers that are single-stranded DNA (ss- 
DNA)» dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per FCR* e . If EtBr is present the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itsclfc and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalaiton between the stacked bases of the DNA 
doobkr-hefe). After the first denatu ration cyde, target. 
DNA will be largely single-stranded. After a PCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to d&DNA, the efTect of thb change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even com iouously during, thermocy. 
ding. ' r 

RESULTS 

PCR in the presence of EtBr. In order to assess the 
affect of EtBr in PCR, amplifications of the human Hl,A 
DQa gene >9 were performed with the dye present at 
concentrations from 0.06 to 8.0 p.g/ml (a typical concen- 
tration of EtBr used tn staining of nucleic aads folloavW 
gel electro phoresis is 0.5 u.g/r«F). As shown in Figure 2, gel 
electrophoresis revealed litde or no difference in the yield 
or quality of the ampuftcauon product whether EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PCR. 

Detection of human Y-chromosorro specific $e» 
onences- Sequence -specific, fluorescence enhancement of 
EtBr ax a result of PGR was demonstrated in a series of 
amplifications containing 0.5 u.g/ml EtBr and primers 
specrfic to repeat DNA sequences found on the human 
Y-chromosomc* 0 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng mak human or no DNA. 
Five rejplkatc PCRs were begun for each DNA. After 0, 
17, 23 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermoeyder, and its fluo- 
rescence measured in a spectroflnorometex and plotted 
vs. amplification cyde number (Fig. 3A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number. 
As shown, the fluorescence increased about, three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel eleaiwhoresis on the products of these 
amplifications showed that DNA fragment* of the ex- 
rjccted size were made in the male DNA containing 
reactions and that Me DNA synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
tiransilhirninator and photographing them through a red 
Alter. This is shown in figure SB lor the reactions thai 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alleles of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sickle-cefl anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplications 

containing EtBr (0.5 t*g/m!) a* detected by photography 
of the reaction cubes on a UV transiUurninator, These 
reactions were performed using primer* specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
p^lobin gene . The speriheity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus an> 
pliflcation— can take place only if the S' nucleotide of the 
primer is complementary to the 0-gtobin allele present* • 
Each pair of ampfjlfications shown in Figure 4 consists of 
a reaction with either the wi ld Hype allele specific (left 
tube) or stcklc-allele sped fie (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-globin individual (AA); from a heterozygous 
sickle p-glpbin individual (AS); and from a homozygous 
sickle p-globin individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DNA .type vas reflected in the ; 

jativc fluoreseexice intensities in each pair of completed 
^plhScatioi**. There was a significant increase in fluores- 
ce* only where a ^globin aDele DNA matched the 
pricier set. When measured on a spcctrcflworonictcr 
{data n0t shown), this fluorescence was about three times 
j^t present in a PCR when; both 0-globm allcics were 
«, ir] etched the primer set. Gel clccaxopboresjs (not 
x oW[1 ) established tnat this increase iri fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
foment of the expected site for p^lobin. There was 
litdc synthesis of dsDNA in reactions in . which the allele- 
specific primer was mismatched to both alleles. 

Continuous monitoring of a PGR. Using a fiber optic 
dev^cr it is possible to direct excitation illumination from 
si spectrofluorometer to a PCR undergoing thcrmocycling 
and to return its fluorescence to the RpectroRuornmcter. 
11\c fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo- 
some specific sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control PCR 
w iih no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the elFeet of die therm ocy cling. Fluorescence inten- 
sity rises and. fails inversely with temperature* The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°C) and maximum at the: anneaUn^extenston 
tempera Uire (SOX). I» the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbermocycJcs, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
the continuous illumination Of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of therroocycling, and 
continue to increase with rime, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denatuTatioo tcmpcrarure do not 
significantly increase, presumably because al this temper- 
ature there is no d&DNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the ftuores*. 
cence increase at the annealing temperature. Analysis of 
■he products of these two ampbfications by gel electropho- 
resis showed a DNA fragment of the eacpectcd size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample- 

DISCUSSION 

Downstream processes such as hybridization to a se« 
qucnce^pecific probe can enhance the specificity of DNA 
detcitluu PGR, The cHrmootion of theae proccrcca 
means that' the specificity of this homogeneous assay 
depends solely on that of PCR. In the case of sickle-cell 
disease, we have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening- Using 
appropriate amplification conditions, there is litdc non- 
specific production of ckDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which TcuuiTcs detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells 6 . Combated with generic 
screening, which is performed on cells eontainiDg at least 
one copy of the target scqucn.ee, HiV ideteetion requires 
both more specrfiaty and the inpxtt of more total 
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JK4 UV photography of PCR tubes cuntair 
ie EtBr ihM art specific to 



. . _ - axnjptifications 

using EtBr ihM art speciftc to wild-type (A) or sicWe (5) alleles of 
the himwn 0-globin gene. The left of each pair of tubes contains 
aBele-specifjc primers to the wild-type alleles, the right tube 
primers to the sicWe aflek. The photograph was tateo after 30 
cydes of PCR, and the input DNAs and the alleles they contain 
are indicated, fifty lag of DNA was used to begin PCR Typing 
was done in triplicate (3 pairs of PCRs) for each input DNA: 
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ROOTS 5 Continuous, rcaUime monitoring of a PCR. A fiber optic 
was wed to carry excitation light to a PUR m progress iand also 
ewHted light back to a fluoromctcr (&ce Expenmcntal Ptotocol). 
ArnpHficadon usiog human msdo-DNA specific pnmcrs in a PCR 
starting with 20 rig of human male DNA (too), or in a control 
PCR without DNA. (bottom), were, roonitored. Thirty cycles of 
PCR were fediowed for each. The temperature cycled between 
94*C {detwtuTation) and 50*C (annealing and -extension}. Notr in 
the male DNA PCR.. the cycle (time) dependent increase in 
fluorescence at the anneafin^extenaion temperature. 
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DNA — lip to microgram amounts—in order to have suf- 
ficient number* of target sequences. This large amount of 
starting DNA m an amplication si^t&cautty increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the "primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimer product 1% of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay, 

To increase PGR specificity and reduce the effect of 
primer-dimcr amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 3 , and the 
^hot-start", in which nonspecific amplifkarion is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 85 . Preliminary results using these ap- 
proaches suggest tbatprimcr-dijncT is effectively reduced 
and it is possible to cfetect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* ceils. With larger number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the ohTOnudeotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PGR is straightforward, 
both once PGR is completed and continuously during 
thermocycling. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. Hie Huorescence analysis 
of completed PCRs is already possible with cxwu'ng instru- 
mentation in 96-vell format* *. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during therincKyciing fay moving 
the rack of PCRs to a 96 : micrwcJl plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shew s that 
the larger the amount of starting target DNA, the sooner 
during Pf.R a fluorescence increase is detected. Prelimi- 
nary experiments <Wiguchi and DoHinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as u can be in genetic screening-rcontinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PGR. 
Increases in fluorescence detected before or after, that 
cycle would indicate potential artifacts* False negative 
results due to, for example.. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying markeT. This marker results in a 
fluorescence increase only aflcr a large number of cy- 
cles— many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
b this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based cm this 
principle is ready for the clinic, an assessment of its fake 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary , the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect 5pcci6.c DNA amplification from outside 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
sample*. 

EXPERIMENTAL PROTOCOL 

Human HLA-DQ" amplifications ctyntaining Et&r. 

PCRs were set up in 100 f*l volumes containing 10 mM Tris-HCK 
pH 8.3; 50 mM KC1; 4 raM MgCS z : « units of toe DNA 
polymerase (Perkm-Elntcr Ccrus, Norwalk« CT); 20 prriole each 
of human HLA-DQa ' gene specific oligonuclcoaae primers 
and CH27 19 and approximately HP copies of DQ& PCK 
product diluted from a previous paction. Ethidium bromide 
(EtBr; Sigtna) was used at the concentrations indicated in Figure 
2. Thermocyding proceeded for 20 cycles in a mode! 480 
thcrraocyclcr (Per kin -Eisner Ccw, Norwalk, CT) using a "step- 
cycle" program of 94*C for J mjiL-dcnaturadon arid 6<rC for w 
sec annealing and 72°C for 3D see. e*tensto», 

Y-cbromomoc specific PCR* PCRs (J 00 ul total reaction 
volume) conrdiuingl)^ EtBr were prepared as described 

for hLa-DQo\ except with different primers and target DNAs. 
These PCRs contained J 5 pmolc each male DN A-spcctfic prime** 
VI. J and Vl.2*\ and cither 60 ng male, 60 0£ female, 2 ng male, 
or no human 1>NA. Thermocycling wasM^Tor I min. arid 60X 
for 1 min using a "step-cycle 1 * program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment « described below. , , 
Allc4c-spccificy human fi-gloMft gcoe PGR, Aropuncanons of 
100 p-1 volume ajsing 0 5 ftgAnl of XtBr were prepared as 
described for HLA-JJQe* above except -with different primer* and 
target DNAs. These PCRs contained euher. prjmcr pair HOPf 
Hp HA <wflcWype globin specific primers) or HGF2/HPMS- (flick- 
le-globin specific primers) at 10 pmole each primer per PCR. 
These primers were developed by Wu ct ai.-\ Three different 
tatgei IjNAa were used in separate amplifications:— 50 ng eacb or 
human DNA that was homozygous for the *icUk trait (55). DNA 
that was heterorygous for the sickle trak <A$)» or DNA that vras 
homozygous for the W.t. gJobin (AA). ThcTmocycBng was for SO 
cycles at 94"C for 1 mm, and S5*C for 1 min. using a 'topcyefc'' 
program. An annealing temperature of 55°C bauhcen shown vy 
Wu et al. 21 to provide alldc^pcrifk: amplication- Completed 
PCRs were photngraphed through a red filter <Wratten_23A) 
after placing the reaction tube* amp a model TM-36 transulutfli- 
nator (UV-products San-Gabriel, CA). 

Fluorescence measurement. Fluorescence measurement* were 
mad* on PCRs containing EtBr in a Fluoro!og*2 fltioromctcr 
(SPEX Edison. NJ). Excitation was at the 500 Jjm band with 
abour 2 nm bandwidth with a GO 4SS nm cut-off .^^J M ^ 
Crist, Inc.. Irvine. CA) to exclude second-order light. Emrtted 
light was detected at 5 ?0 nm with a bandwidth of about 7 nm. An 
OO 530 nm cut-off filter was used to remove the excitation hgftt 
Contiouou* Rnorescence monitoring of PCR, Conpnuws 
monitoring of a PCR in progress was accomplished using mc 
Bpcctrofiuoromeicr and settings described above as weu as a 
fiberoptic accessory (SF£X cat- no. 1950) to both send excitation 
light to. and receive emitted light from, a PCR placed in a well oj 
a model 490 me^mocyclcr (Pcrkm-Elmtr Cetus). The probe ena 
of the Rbcroptic cable was attached with "5 mmutc-cpoxy* to tnc 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge tuoe 
with its cap removed) effectively Bcaling h. The exposed . top <* 
the PCR tube and the end of the fiberoptic cable were shielded 
from room light and the room lights were kept dimmed during 
each run- The monitored PCR was an amplifies Lion of V-cJjro- 
mosome-spedrk repeat sequences as described above, except 
using. an anneahncyextensjon lemperaiurc of 50°C. The rcacucm 
was covered with jwirKraJ oil (2 drops) to prevent evaporation. 
Tbermocyding and fluorescence measurement were started *i* 
multancously. A time-base scan witti a 10 second integratioii t»ne 
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w: ts unid and tfic emission signal was ratioed to tbc excitation 
jiigaal to control for change* in Ji§hi«*ourcc intercity. Data were 
fleeted using the dn>3O0Of, version £.5 (SPEX) data system. 

Yft tKynk Bob Jones for help with the spectrofluonnctric 
om/Miircmcnts and HeaiherbeU Fong for edging this manuscript. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 



Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for ilpopotysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of te soluble form is altered under 
certain pathological conditions. There, is evidence for 
an important role of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supematants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
4 precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit: 1 ng/ml 
C V: intra- and interassay < 8% 



For more information call or fax. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Ciusti, and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 



The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenk probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the S'->3' nucle- 
olyttc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



a^ homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et a!. (l) 
The assay exploits the 5' 3' nucle- 
olytic activity of Taq DNA poly- 
merase (2,3) and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). <4 ' 5) During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -> 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an Increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. <6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine sucdnimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeIed phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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ficure 1 Diaeram of 5' nuclease assay. Stepwise representation of the 5 
K of rJSB55yma.se acting on a fluorogenic probe during one extension phase of PCR. 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-u.m particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the IAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-u.l reactions that con- 
tained 10 raw Trls-HCl (pH 8.3), 50 mM 
KC1, 200 jiM dATP, 200 u.M dCTP, 200 u-M 
dGTP, 400 p,M dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actm 



gene (nucleotides 2141-2435 In the se- 
quence of Nakajima-U|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. <8> Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72°C 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) In- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl 2 , 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 2bo nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57X (1 min), and 
hold at 72°C 



Fluorescence Detection 

For each amplification reaction, a 40-uJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well mlcro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
q value) using a 10-nm slit width: To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the Taw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 


Type 


F119 


primer 


R119 


primer 


P2 


probe 


P2C 


complement 


PS 


probe 


P5C 


complement 


AFP 


primer 


ARP 


primer 


Al 


probe 


A1C 


complement 


A3 


probe 


A3C 


complement 



Sequence 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTGTGC 
TCGCATTACTGATCGTrGCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'ITTGCTGGTATCTATGACAAGGATi) 
TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATGCCCTCCCCCATGCCATCCTGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACTTCGAGCAAGAGATp 
CCATCTCTTGCTCGAAGTCCAGGGCGAC 



For each oligonucleotide used in this study, the nucleic add sequence is 
v J\> direction There are three types of oligonucleotides: PCR pnmer, fluorogenlc P'°^ u 5° 
n 11 "S™^, and complement used to hybridize to 

probes, the underlined base indicates a position where LAN with TAMRA attached was su 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A 1-2 RaQgccctcccccatgccatccpgcgtp 

A1-7 RATGCCCQC'CCCCATGCCATCCTGCGTp 

A1 -1 4 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-1 9 BatgccctcccccatgccaQcctgcgtp 

A1-22 RatgccctcccccatgccatccQgcgtp 

A1 -26 RATGCCCTCCCCCATGOCATCCTGCGQp 



Probe 


518 


run 


582 nm 


RQ- 


RQ* 


ARQ 




no temp. 


♦ temp. 


no temp. 


♦ temp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.213.0 


38.212.0 


0.6710.01 


0.8610.06 


0.19 + 0.06 


A1-7 


53.5 ±4.3 


395.1 ±21.4 


108.516.3 


110.315.3 


0.4910.03 


3.5810.17 


3 09 1 0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.116.3 


1.1610.02 


4.3410.15 


3.1810.15 


A1-19 


187.5117.9 


422.7 ±7.7 


70.3 ±7.4 


73.012.8 


2.6710.05 


5.8010.15 


3.1310.16 


A1-22 


224.6 ±9.4 


482.2 ±43.6 


100.014.0 


96.219.6 


2.2510.03 


5.0210.11 


2.7710.12 


A1-26 


160.2 ±8.9 


454.1118.4 


93.1 ±5.4 


90.713.2 


1.7210.02 


5.0110.08 


3.2910.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values aTe the average ±1 s.d. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ~ and RQ* values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to- well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human fi-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the 0-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
In reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent In the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiendy the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal ot 3'-terminaI Nucleotide 



518 nm 582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 




RQ+ 


ARQ 


A3-* 


54.6 ± 3.2 


84.8 ± 3.7 


116.2 ± 6.4 


115.6 ± 2.5 


0.47 ± 0.02 


0.73 ± 0.03 


0.26 ± 0.04 


A3-24 


72.1 ± 2.9 


236.5 ± 11.1 


84.2 ± 4.0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ± 0.05 


1.76 ± 0.05 


P2-7 


82.8 ± 4.4 


384.0 ± 34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 ± 0.02 


3.19 ± 0.16 


2.40 ±0.16 


P2-27 


113.4 ±6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ± 4.8 


0.81 ± 0.01 


4.68 ± 0.10 


3.88 ± 0.10 


PS-10 


77.5 ± 6.5 


244.4 ± 15.9 


86.7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ± 0.08 


P5-28 


64.0 ± S.2 


333.6 ±12.1 


100.6 ± 6.1 


94.7 ± 6.3 


0.63 ± 0.02 


3.53 ± 0.12 


2.89 ± 0.13 



Reactions containing the Indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5 ' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for piubes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg* + effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
OmMMg 2 ' is only slightly higher than 
RQ at 10 mM Mg 2 +. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg 2+ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an Intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3 f end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3 r 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes ^^^^^^ 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

PM0 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(ss) SinRle-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of 50 nw indicated probe, 10 dim Tris-HCl (pH 8.3), 50 mM KG, and 10 roM MgCl 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for prob« Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C fox probes P2-7 and P2-27, or 100 dm 
P5C for probes P5-10 and P5-28. Before the addition of MgCI* 120 nl of each sample was heated 
at 95°C foi 5 mln. Following the addition of 80 ,d of 25 mM MgCl* each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is helng excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg 2 + concentration on RQ ratio for the Al series of probes. Hie fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Tris-HCl {pH 8.3), 50 mM KG, and varying amounts (0-10 mM) of MgC! 2 « ^ calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (dim 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/ 1} 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ*" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the PS probes, the RQ" for the 
3 f probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ~. 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3 r end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the S' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3 r 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C~3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3* end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al.° 0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc^e ci^ped a novel "re*. ? nw" quaniliailvc PCR 

S ncVr^l.' pom-PCR s,n,p.e handling proving potential PCR £>%™^Z^%& 
resulting 111 much faster and higher throughput assays. The real-time PCR motnoonas a W W ov 

W molecule determination (at .east nvc orders of * mM **1hc 
PCR b extremely accurate and less labor-intensive than airrent quantitative PCR methods. . 



Quantitative nucleic acid sequence analysis lias 
hod an important role in many fields of biologi- 
cal research. Measurement of geu* expression 
(RNA) has biv.n used extensively In monitoring 
biological responses to various stimuli flan et ai, 
1991; Huang ct al. I995a,b; Prud'homme et al 
1995). Quantitative gene analysis (DNA) has 
Ix-cn used -to determine the genuine quantity of 3 
particular gene, as in the case or the human HER2 
gene, which Is amplified in -30% of breast tu. 
mors (Slamon ei al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(J1JV) burden demonstrating changes in the lev- 
ds of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak et al. jvv:in; 
Pintado et ai. 1995). 

Many methods haw been described for tin: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ct 
al. 1980; Thomas 19K0). Recently, PCR lias 
proven to be a powerful tool fOT quantitative 
nucleic acid analysis. PCJR nnd reverse transcrip- 
tase (RTJ-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one ce.ll equivalent). This has made, pos- 
sible many experiments that could not have, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that h be uwil properly for qunntKutlon <R»uy- 
maekers 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. It is essentia) to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; GlvmmHK el al. 
100?.) 

Ke.s*ttrchcx5 have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reunion before the plateau (Kellogg et al. 
1990; Pang et a). 1990). This method requires 
thai each sample has equal input amounts of 
nudeif add and that each sample under analysis 
amplifies with identic efficiency up to the. point 
of quuniiUlive analysis. A gene sequence (con- 
tained in nil samples at relatively constant quan- 
tities, such as p-aolln) can be us«d for sample, 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gd electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the. target gene and the 
normalization gene), Another method, quantita- 
tive competitive (QQ-PCK, has been developed 
and h used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor b) each reaction (Bockcr-Andrc 1991; 
Matak el al. 199J*,b). The efficiency of each re- 
action is normalised to the intcrnol competitor, 
a imnwn amount of intr-rnaJ competitor can be 
annru 7nc« no/ wj «c:i>t 7nn7/cn/7T 
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added to each sample. To obtain relative rm<mt- 
totlon, the unknown target PCR product is com- 
pared with the known competitor [KM product. 
Success of a quantitative competitive PCU assay 
relies on developing an internal control Hint am- 
plifii-s wilh the same efficiency as the Un^t 
eculc. The design of tin* coiupctitui and the vali- 
dation of amplification cfficicjieies jequire a 
dedicated effort. However, because QC-PCK docs 
not require that PCR puKluds be aualyrad during 
the Joe, phase of tliv. amplification, it is tins casta; 
of the two methods to use. 

Several defectum systems aic used for quan 
illative PCR and RT-PC!tt analysis; (1) ugi»rt*e 
gel*, (2) Auurovcul labeling of PCR products and 
detection with I antrr- induced fluorescence using 
capillary elecfrophnrcairi (Kasco et al. 1995; Wil- 
liams et al. 1 996) or aery 1 amide gels, and (3) phtie 
capture and sandwich piobe hybridization (Mul- 
der el al. 1994). Although these method* pmvrd 
successful, each method requires posi-PCR ma- 
nipulations that add rime to the analysis and 
may lead to Jabu'alucy i nnlAifiination. The 
sample throughput of these method:* i.s limited 
(wllh I he exception of the plate capture ap- 
proach), and, therefore,, these methods ore not 
well >uilcd ft u u>o demanding high sample 
throughput (I.e., screening of large numbers of 
hUiimilw\.ulc:t in uiittty/.tii^ samplva i'ws diagnos- 
tics or clinical trials). 

Here we report the development of ;t novel 
assay for quantitative TWA analysis. The assay is 
based on the use of the 5* nuclease assay first 
described by Holland et al. (1993). The method 
uses i he -V nuclease activity of 7Vn/ pwlym erase to 
cleave a n on extendible hybridlwuion probe dur- 
ing the extension phase of PGR- The approach 
uses dual -labeled fluorogenic hybrid! /.at Jon 
probes (Lcc ct al. 1993; dossier et al. 1995; l.lvok 
et al, 1$9f>o,b). One fluorescent dye serves as a 
reporter |pAM (i.e., o^carboxyfluoresccm)! and i1s 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., 6-carboxy-tetramethyl- 
rhodaminc). The nuclease degradation of the hy- 
bridization probe releases the quenching of I he 
t'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission ot mn, 
The use of a sequence detector (AIM Prism) allows 
measurement of fluorescein spectra of all 96 wells 
uf the incrmal cycler continuously during the 
i>CK axnpllUcatkm. Therefore, the reuctioiis aje 
uiouttorvd in real time. The output data is de- 
scribed and quantitative analyab of input target 
I )NA sequences 15 discussed below. 



ULAL 1IML OUANIIlAllVI PCK 

RESULTS 

PCR Product DerecTlon in Real Time 

The £oal was to develop a high-throughput, sen- 
sitive, and necuratc gene quantitation assay for 
use in monitoring lipid mediated therapeutic 
gene delivery. A plasinid unending human factor 
Vlll gene sequence, pI<8TM (see. Methods), was 
used as a model therapeutic K« n<J * '^ nc ' B5SH y uS °* 
fluorescent Taqinan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 .Sequence Detector), lite 
faqman reaction requires n hybridization probe 
lelxdcd with two different fluorescent dyes. One 
dye is a reporter dy« (PAM), the other is ^ quench- 
i„ K dye (TAMRA). When the pmlni Is inlacl, fluo* 
icstcnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the PCK cycle, the fluorescent hybrid- 
isation probe Is cleaved by the 5'-.T nucleolytjc 
activity of thr. DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suiting hi ttn increase of the report ur dye fluOfCK- 
cent cmtxit"" hpectro. PCR primers and probun 
were desi^neil Cut I lie human factor VI 1J se- 
quence and human p-actln gene, (as du.^erib<:d in 
Methods). Optimization reactions were per- 
formed to choose the appropriutc probe and 
magnesium concentrations yielding the hif;lH^t 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
chavKccoiipicd device (i.e., CCD camera) for 
measuring the fluorescent emission apeetni from 
rAH) to &$() nm. 1-ach PCU lube was monitored 
siHjueotially tor 25 rns«e with continuous moni- 
tOJjnjc; throughout tin: aiiiphfiealitni. liach lube 
won rc.-cxanilncd every ft.S see. Computer sofl- 
wan*. was dc^si^ne.d to examine the fluorescent hv 
tensity of both the reporter dye (PAW). and 
the quenching dye (TAMIIA). The llnoresccnt 
intensity of the quenching dye, TAMUA, changes 
very hide, over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the Intensity 
of TAM11A dye emission serves as an internal 
tlondard with which to nomiulbve the reporter 
dye (FAM) emission variations. The .software cal- 
culates ii vrtlue termed AKn (or ARQ) uslnj; the 
following equation: ARn - (lln J ) (Rn-), where 
Hn 4 . einissloji intensity *>t joporter/emissiou in- 
tensity of quencher at any given time In o reae 
flon tube, and Ru r- emission intt^sitity of re- 
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poncr/cmlMlcm Imvmily of quencher measured 
prim to rCH amplication in ihat same reaction 
tube. Yot the purpose of quantitation, Uk? 
three data points (ARns) collected during riracx* 
tension step for each KIK cycle were analyzed. 
The nucleoiytic degradation of the. nyuriilix-iion. 
probe occ urs during the extension phase or rut, 
and, thurvfore, reporter fluorescent cuiisajun in- 
creases during this time. Jin: tluw data point* 
were averaged for each KJK cycle and the menu 
value for each was plotted in an "amplification 
plot" shown in J'lHurc 1 A. The AKn mean value is 
plotted on the )*axis, and time, represented by 
cycle number, is ploMwi on thv*-axis. During the 
early cycles of the T'CR amplification. Die ARn 



value remains at base line When sufficient hy- 
brid] /-a I Ion probe has bacn cleaved by the Tun 
jX)lymerase nuflOifiC activity, thu iiileiisiiy of re- 
porter fluorescent emission increases Most l>(;U 
ampllftaltaiu read* »» plateau phone of reporter 
fJuorcHV.nl emission If the reaction Is carried out 
to high cycle ijujiiIhtin. The a/nplifirMlnn plot \'J 
cxHininc.tl caily in the reaction, ut a. point Ihat 
icj>ie5cnt5 ihe log phase of produci arnnnula* 
tion. This Is douii by ussifinlng an arbibary 
threshold mm is based on the variability of the 
bas«-iinc dyu. In Figure 1 A, the threshold whs set 
ail 10 standard deviations above, the rne:m of 
baac line emission calculated from tyuka 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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.? .i o i * 3 
100 (ng input genomic ONA) 
The Mode! 7700 suhware will comiruct amplification plcts 



1 PCR product detection in real time. {A) The Mode! 7700 sultware win corwruci ^^^^ 
e extension phase fluorescent emission data collected during the PCR ampHflcaUon. The standard d* 
v«t.on is SJSiSltom the data points collected from th, base line of the ^'2^^ £ 
calculated bv determining the poim at which the fluorescence exceeds a threshold limit (usually 10 times me 

of the'base U CQ Overlay of amplification plots of .eriaHy 
dna »„»!« amplified with pectin primers. (Q Input DNa concentration of the samples plotted vertus C.t. Ml 
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the amplification plot crossed the ihrcshold'is-clv 
fined as C r . C, is reported ihc cycle number m 
till?; point. Ak will be demonstrated, lh« CI, .valor 
Is pieUicLive of ihc quantity of input target. 

Cy Values Provide a Quantitative 'Measurement* of 
Input Targer Sequences 

Figure IB shows amplification ploU of lifdiTfcv- 
ent PCR amplifications overlaid. 'Hie amplify* 
tions wore performed on a 1:2 serial dilution >ub 
human genomic J)NA. 'llic amplified target 
human p actin. The amplification plots xlnfl to 
the right (to higher threshold cycles) n* the input 
target quantity in reduced, 'JTn*f. is expected ho- 
rcnuui nwetlortfi with fewer starting rnpjctx of the 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviation* ahove the base line was used to 
determine tin.* Ci r values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
turn. The C T values decrease linearly wjth increas- 
ing target quantity, Thus, C, values can be used 
as a quantitative measurement of Hie input target 
number. Tt should be noted that the amplifica- 
tion plol for the 15.6*ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
"Hie I5.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input PNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do. not 
impact significantly the calculated C, value as 
demonstrated by the Hi on ihe line shown m 
Figure, l C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using Cy values for quantitation 
permits a much larger assay range than dltccily 
using total fluorescein emission intensity for 
quantitation. The linear range. ol fluorescent in- 
tensity me.asure.ment of the Alii Prism 7700 $e- 
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merits over a very large Tange of r.Maiivr» *n*rtlnj», 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efttclenry of 
PCR amplification: magnesium and salt conceit; 
nations, reaction conditions (i.e., time and tem- 
perature), PCH target size and compositioUi 
primer sequences, and sample puriTy. All of the 
.above factors are common to a single PCR assay, 
except sample to sample purity, in an effort to 
validate I he. method of sample preparation for 
the iactor Vill assay, PCR amplication reprodno 
ihility and. oll'IcJency ol 10 replicate sample 
prej larations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quantified by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-ociln 
gum: content in 100 and 25 ng of total genomic 
UNA. liach PCR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). 'therefore, each ol the triplicate PCK 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative PCR analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-actin gene quantity. The highest C? 
difference between any of the samples was 
anil 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample, exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Pig. 2). 
Any sample containing an excess of a PCR inhibi- 
tor would exhibit a greater measured (3-actin G r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Mg, 2), altering 
the expected C,« value change. Each sample am- 
plification yielded a sJinliar result in the analysis, 
demonstrating" that this method of sample prepa- 
ration is highly reproducible, wllh regard (o 
sample purity. 

Quantitative Analvsis of a Plasmid After 

7ncfl no/ r*r wj «c:*t 7nnr/cn/7T 
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Table 1. Reproducibility of Sample Preparation Method 



Samplo 



no. 



2 
3 
4 
5 



8 
9 
10 

Mean 



100 ng 



standard 
rn£an deviation 



CV 



18.24 

18.23 

10.33 

18.33 

18.35 

1M4 

18.3 

U.3 

18,42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

18.67 

19 

18.28 

18.36 

18-52 

18.43 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

IB. 66 

(1 10) 



1v.27 0.06 



0.06 



18.34 
18.23 



18.55 
18.12 



0.07 



COS 



10.-12 0.04 



18.7-1 0.21 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0,37 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.65 
0,90 



20.48 

20.55 

20.$ 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation 



20.51 
70.54 



20.4 3 



20.73 



21.06 



20.86 

20.51 

20.73 
20.66 



0.03 
0.11 



20.54 0.06 



0.05 
0.13 
0.03 



20.68 0.04 



0.12 

0.07 

0.1 
0.19 



cv 

0.17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



(or containing a partial cUNA for human factor 
vni, pl-'oTM. A scries of tw infections was sot 
up using a decreasing amount of the plasmid s (40, 
4, 0.5, and 0.1 ng). Twrniy-uiur hours post- 
transfertinn, tola! DNA wa« purified from each 
flask uf crib. (5-Acliii gene ujuaiiLlly wa> Ujux'ii as 
a value for norma ligation of ^-.noiriic DNA con- 
centration from rath sample. In this cxpeii/ncii!, 
(i-actin gene content should remain constant 
relative to rural genomic DNA. Figured show* the 
result of the p-actin DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) of each sample. Kach sample vvas analyzed 
in triplicate and the mean |s-acun values of 
the triplicates were plotted (error bars represent 

r.^f> r*-j»»hrri Huviaimnl 'I h#» hlnhpsr iliffrrrnrp 

r> r rt Rfc 



lH»tw4«u any iwo sample moam was 0.<>S C,- Ten 
nanograms of total DNA of each sample were also 
examined for 0-actln. llic results again slmwed 
that very similar amounts of genomic J>NA were 
present; tin: maximum mean j£ actio C;, value 
difference 1.0. A3 1'igUTc 3 shows, the rate of 
P-aetln C r djungv between the 100 and 10-ng 
sample* was simitar (slope values rangw hwtwoon 
3.56 anJ -3.45). This verifies agnin thai me 
method nf sample preparation yields samples of 
identical ?CR integrity (i.e.., no sample contained 
an excessive ainuuul of a PCTl Inhibitor). Unw» 
ever, these results indicate that each sample con- 
tained slight diffcienc.es in the actual amount of 
genomic DNA analyzed. Determination of actual 
vuijuuiic DNA conccrrt ration wos accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
camples shown In Table 1 woro also amplified In 
tripicate Rising 2S ng of each DNA sample. The fig* 
uifc shows the input DNA concentration (100 and 
25 ng) vs. C, In ih#* figure, ihp 100 and 75 ng 
point* for «*ach sample are connected by a line. 



by plotting the mean (i-actin C h value obtained 
for eaeh 1O0ng stunpls? uii a p-aclln standard 
1,-uive (shown Ira J 3 $h- Tht actual genomic 
ONA concentration of each sumpl«, r/, was ob 
taliped try extrapolation to the x-uxl>. 

Figure 4 A shows the .measured (i.ir., nurt- 
normalised) quantities of /actor VJJ) plnnmid 
ONA (pPSTM) from each of tin: four transient cell 
transections, Each reaction contained J00 ng of 
total sample DNA (as determined by UV spectros- 
copy). V&cX% sample vvjis uualyzed in triplicate 
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Figure 3 Artdlybl^ of liansfectcd ceJl DNA quonllty 
and purity. I he DNA preparations* of lliu four 293 
cell transactions (40, A, 0.5, and 0.1 h<j of pF8TM) 
were analy7e.d for the P-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfectcd, the (i-actln 
C T values are plotted versus the total Input DNA 




pc:r< amplifications. As shown, pI-'8TM purified 
..hoic Jbc 293 cells decreases (mean C, values in- 
cum*£) with decreasing amounts nf plasmld 
,iruitsiW.tcd. The mean C t values obtained for 
pPVTKJ inTlgure 4A were plotted on a standard 
curve comprised uf svilially diluted pFHTM, 
shown .in figure 4R. Thu quunlily uJ pMN'M, h, 
found in each of the four ironKfoctionR was de- 
termined by extrapolation to thu x axis of the 
standard curve. In l'igurc 4N, 'Hum. uncorrected 
values, b, for pKHTM were nor mailed to deter- 
mine the actual amount of pl'81^4 ftrund per 100 
ns; of genomic DNA by using the equation:. 

b X 10 0 ng uaual pI ; B'l*M copies oer 
^ r 100 ng of genomic DNA 

where a actual genomic DNA in u sample and 
U ^ pFHTM copies from the standard curve. The 
notmidir-cd quantity of pt'BTM per 100 ng of ge- 
nomic DNA for each of the four iramfccitons Is 
snown in Hgure 4JJ. 'Hicse results show mat ihc 
quantity of factor Vlll plasmid associated wnli 
the 2V3 eel)*, 24 hr after inuusktcliuii, Oui.iuiisc.'t 
with decreasing plasm id unii.«iuiatjoii used in 
the transfecnion. The quantity of pl-'BTM nssoeJ- 
aiea with 293 celb, after trunsfectlon vviih 40 u,g 
of niiuiinid, was 35 pg per 100 ng genuinle DNA. 
Tills results in -520 plasinid copies per cell. 



DISCUSSION 

We hove described a new method for quantitni- 
iuft gene copy numbers using real-time analysis 
of PCX amplifications. Real-time FCK is compat- 
ible with cither oi the two FCK (RT-PCR) ap- 
proaciic»: (1) quanlllative conifx-aitivi: where an 
inleuial cvmpctltor for each target sequence i» 
used for norm ah motion (data not shown) or (2) 
quantitative comparative PCH using » uuiijniU^a- 
tton gene contained withhi the sample (i.e., (3-ac- 
tin) or a "housekeeping" gcn« for RT-PCK. Ff 
equal amounts of nucleic ucld are analyzed for 
each sample and if the amplification effiiiericy 
before quantitative analysis i> identical for each 
sample, the Vnrcniui conlmi (nwjmaji^itiou gene 
or competitor) should give equal signals for all 
samples. 

The real-time PCH method offers several ad- 
vantages over the other two methods currently 
employed (see the Introduction), l-irsl, the. Teai- 
time PCJR method is performed in a doscd-tube 
system and requires no post-PCR martit>ulatlon 
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Figure 4 Quantitative nnalyrix of pF8TM in transected cell*. (A) Amount of 
plasmid DNA used for the transaction plotted against the invun C, virtue deter- 
mined for p/*8TM remaining ?M br alter transection. (0,Q Standard cijrvns of 
pf.'ATM and P-aciln, respectively. prSTM ON A <0) and genomic. DNA (Q were 
diluted iftrlally 1 :5 before amplification with the. approprintc primers. Trie f*-actin 
standard curve wai? usod 10 normalise the results of A to 1 00 no, of genomic DNA. 
(0) Tho amount of pPSTM present per 100 ng of genomic DNA. 



of sample. Therefore, |h«* potential for PCR con- 
lamination in the laboratory is reduced because 
Amplified products can Iw analysed and disponed 
of without opening the reaction tubes. Second, 
this method suppoils ihv um; of a normalisation 
gene (Lc., p-actin) for quantitative PGR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis is performed i;> real time during the Jog 
phase of product accumulation. Analysis during 
k»N phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching reaction 
plateau at different cycles. This will make jjiulll- 
gene analysis assays much c.aMe.i lu develop, be- 
cause individual internal wnnpelilOis will nol be 
needed for each gene under analysts. Third, 
sample throughput will im.iease dramatically 
with the new method because, there ja no post- 
P(.;r processing time. Additionally, winking In a 
°6-wdl format is highly compatible with auto- 
mation technology, 

The real-time 1>CR method is highly repro- 
ducible. RepHcaie. amplifications can be analyzed 



for c-nch sample minimizing potential error. The. 
system allows for a very large assay dynamic 
runge (approaching 1,000,000-fold starting tin* 
gel). Ualng a .standard curve for the. target oJ in* 
terest, relative copy number values can be deter- 
mined for any unknown sample, Fluorescent 
threshold values, c n conrJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
JUWCJJt methodology (Gibson et ah, this l.wuh) 
has also been developed. Finally, real time quan- 
titative I'CU methodology can be used in develop 
high-throughput screening assays for a variety of 
applications [quantitative gene c*j>j eadiuii (KT- 
rCR), ft enc copy »s»oy» (I1cr2, HIV, etc.), geno- 
typing (knockout mouse analysis), and Jmmunu- 

rcuj. • 

Real-time PCU may al*o he performed using 
intercalating dyes (Hlgtichi et aL MM'A) such as 
erJiJdium bromide. The fluorogenie probe, 
method offers a major advantage over inter- 
calating dyes—greater specificity (i.e., primer 
dimvrs and nonspecific PCR products are not de- 
tected). 
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METHODS 

Generation of * Plasmld Containing a Partial 
cDNA Tor Human Factor Ylll 

Total HNA wa& harvested lUNAwd » .front Tel Tctt, inc., 
J-rjcndswood, T54) from cw)1> ii-iwfccled with a factor VIII 
expression vector, pClS2.tte?.$l) (Katun el nl. 1VK6? Cor. 
man cl al. 1900). A factor VIM partial cl )N A wrvpietUV WAS 
^•■lomicd by in* |»f:lt KIoiJcAnip I'a (Tlh ItNA l»nt XII 
(pan N80B-0T/9, rt Applied Uio*y*icms, Vostct ^ *»*y, <^\)J 
uslnft the l»c:u |)i*iuiuM Wfor and Wtrev (|>ri?iifr firqiiriim 
arc shown below), The ampllcon was reanip lifted using 
modified fflfoi and i*rcv primers (appended with 11 
and /fwcllll restriction 5hc. sequences hi the ,v endj and 
clonal Inio jXilCM- 3Z (l*romt^u CUvp., Madison, Wl). The 
rcSLilllngclrmr, pWIW, was used lor transient transfeolon 
oJ cell*. 



Amplification of Target DNA ami Duicciion of 
Amplicon Factor VIII Plasmid DNA 

(pOTM) was amplified with the i#»imeis ttifor $'-<;<;<:- 
Cri'{iC(^\A<.iAU:jtJA< M iCTl \V,V and P&rev .V-AAACXrF- 
IMiWCHtKiAITHjTAClC-.V.TIiis rvncthui piodticrd ti 422- 
up K:K product. The forward printer wan designed lu let* 
oynl/.e it unique seipicmc found in the .V untranslated 
region of the. patent pC15Z,ikZ5)> plasnml mid therefore 
dues not ivuwkiiUu <md amplify the human factor VIII 
gi'iiv. I'rimnr* woro chosen with the avsistauee of I he com. 
pulcr program OH^n 1.0 (National hUwoicnvcs, lnv„ Ply- 
mouth, MN). The human p-acttn gene was amplified with 
the primer* fj-nrtiii iWward primer J^TCACCCACACrnrr 
GCCCATcTrAfX'lA-.V and fi-aclin reverse piitner V-( !Ai J. 
CGGAACCX;f:r<:Arr(i<:(^AJCG-3'. The reaction pro- 
ducco a 295* hp rein product. 

Amplification reactions (SU fJ) contained a HNA 
sample, Klx I'C.R Kuffcv II (a u,l), 200 h.m dATP, JCTP, 
dGTP, and 400 jim riUTP, 4 mM M%a >t \M Units Ampll 
7<i</ r;NA polymerase, 0,5 unit Ampwasc uracil tf-fjiy- 
eoTtylusc <UNC), 50 pinole of each foeioi Vlll jvlnwi, and 15 
pnioh* oC audi p actio pi liner, 7lut icafklnii* aho t:wnn»lncd 
OOC Of the following detect Inn pmlkes (I (Mi nM c\u \\): 

PHjirohe .s'(PAW)Ac:cr]vrj , c:rur::<:T<icri*i , (:'rrr<:rtJ , r. 

GCCTT<TAMRA)p 3' and p*actin probe 5' (FAM>ATCU:c:. 
XCrAMKA)CCCCr:ATGCCATCp- 3 ' *»hcrr p indicates 
phosphorylation find X Indicates a linker arm nucleotide. 
Reaction tultc» wrn» MiomAmp Optioal Tubes (part Itum- 
1.htNK01 Perldii lUmvx) tliai were frosted (at IVrhtn 

F.lmcr) to |mwul U^hl fro in reflecting. Tube cop* were 
simil.n* tn MitToAnip t:nj>a hut specially dciiRiicd lo pro 
vent HrIh scattering' All ol th<* l'< III wU/n/twtiUiblf* were sin* 
r livui 1>y PK Applied ltioeyiteno (I j o»Ut ClUy, CA) except 
ihr factor Vlil primers, wlilrli wm» synlhcsl/rtl at (Jcnen 
icch, Inc. (Stntlh r»i»n Trunctsco, CA). Probev w 4 t*« dc-si^ned 
u.dng the Oliyo 4.0 Aoftwore, f<»lk»wl in; guidelines tnj)>. 

jjCMen in mc Model 7 7CK) .sequence l>euru» liisiiuiiienl 
manual. Briefly, probe T m alioutd be al least 5 U C })l P ;"cr 
mall rhe attnealliiM lempeMiurc u.ncd durlnj; Ihrrmftl cy- 
rliiig; primcrti $h»\tld jioi fonu sUhle il*iplexea # willi ilu- 
probe. 

The therm*) eycllng cuiiditUnu Included 2 jiiIii at 
50°C and 10 niin al 95*C. 'Hiejinal cycling prnrerded with 
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reactii»ns were pcrfontied in the Model 7 7(H), Sequence Pv- 
|«<«l<ir (PU Applied Utusy^teuiv), width contains * Gcor- 
Amp l»<:U System P«X>. U«:a«:tlon wudition* wi-rr- pro. 
ftrunimeU »m »» I'uwvi Macintiwli 7100 (Apple f.V.wnpntPr, 
Ronta Clara, CiA) linked dirxmly to the Model 7700 Se- 
quence JXiloctor. Ana'y»l« of data w>v alw.i peKonnifl on 
the Mni-lntmh computer. C -.0110011011 and analydc toft ware 
wm develo|iwl at Applies! TUc*y*iunis. 

Traiufection of Cells with Factor Vlll Cpiutrucl 

Pour T17S flasks of 293 cells (ATa: CM. ]S7'.I), a human 
fetal kidney suspension cell line, were H"iwn to 80% con- 
fluency an.1 transected pIVI'M. Cells were grown In (lie 
rollmvhig medlfl! S0% HAM'S ¥\2 without GUT, M)% lt»w) 
glucose DidlKtXNt'a modified Ragle medium (DMIvM) wltli. 
enn glycine wiUi sodium bicarlxmate, 10% ietal bovine 
mum, 2 him L-^luldin7nc, and 1% peniciiliit-»trcj>tomy« 
^Jn. The media was changed 30 mln Mo«» the iransfec 
tion. pI'OTM DNA amount* of 40, 4, 0S f and 0.1 u,r were 
added to i.,S ml of « solution containing 0,12* m CaCA*- 
and 1 X UtTliS. Tile four mixture* were left al room tem- 
p«nn«jn* fen TO mln and then ad*K**l dmpv/lM* \<> 0»e cells. 
'Hiv fl*t>k> wvieWiLulwled al 37°C. and 5.% Cx\ for 24 hr, 
washed with P1IS, and Suspended In PUS. The realm 
jA-mKd celh were divided into aliquot* und DMA wnfl C>/- 
tmeted Immediately u sin k LhcQIAump KUmhI Kit (Qiapjon. 
aiotawortii, <.tA), l>NA ww.s duled Into 200 ol 30 
Trla-llCl ul pll H.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP- J and W1SP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
WnM, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
WnM. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing WnM under the control of a 
tetracyline repressive promoter, and (ii) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q243. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. W1SP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of WnM 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), andsiamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and W1SP-2, and a third related gene, W1SP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 

tissue growth factor; SSH, suppression subtractive hybridization; 

VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 

deposited in the Genbank database (accession nos. AF100777, 

AF100778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 pig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A)^ RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-] were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jiM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood, of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<act) wnere ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP- specific signal was 
normalized to that of the glyceraIdehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. \A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5 -fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce .low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-L The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of 27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/WM-1, and C57MG/ 
Wnt-4 cells. Poly(A)+ RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1 -specific probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. W1SP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas W1SP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 14). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1> WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-0 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the First 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in . 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and W1SP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1 , WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, W1SP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and £), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal lo c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines, was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one {P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in ceil line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of W1SP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to > 25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP- J, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-l t WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a GT domain, 
which is present in CTGF, Cyr61, nov t WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that inlegrin a v /3 3 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
W1SP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WlSP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
W1SP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it m2y function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell-proliferation assays were 
done essentially as described 20,21 . Briefly, after antigen pulsing (30u,gmT' 
TTCF) with tetrapeptides (l-2mgmr') f PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glu tar aldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-ceD clones in 
round-bottom 96-welJ microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides H1DNEEDI, HlDN(N-glucosamine) 
EEDI and H1DNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Clycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl" 1 a- 
cyanocinnamic acid in 50% aceionitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it Induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 5 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 * 7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 



NATURE J VOL 396 1 17 DECEMBER 1 998 1 www.naturc.com 



Nature © Macmillan Publishers Ltd 1998 



699 



tetters to nature 





RANKL 10 "' 2 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly aD of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u-gml~ l . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results' 3 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoproiegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1-4), and the AMinked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pory(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes ,J4 ~ ,h . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ~-65% to 
~30%, with half-maximal inhibition at — 1 u-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1 -Fc (doned line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene: is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR- family members, including OPG 219 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL:. Sngmf*') oligomerized 
with anti-Flag antibody (0.1 M-gnrir') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGi and assayed for apoptosis (mean 2 s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a, in presence of 1 *Q ml - ' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGi (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interieukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGi, Fas-Fc, or DcR3-Fc (lOfigmr 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 6, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGi (triangles), and target-cell death was determined by 
release of s, Cr (mean ± s.d. for two donors, each in triplicate).- 
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Figure 4 Genomic amplihcation of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g. h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n. 0, p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means £ s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL* (2 u.g), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-trahsfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with | 35 S] cysteine and ( 35 S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-rmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 u-g) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-mI fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4 + cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5, Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of s, Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fiuorometry. Amplification was determined by quantitative PCR 1 * 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 UCT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. co/i lJ " fl is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP2, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has. 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded (3- 
sheet (p3 and p8-pI2) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, P2, p4-p7, al and ct2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 



ARM I 




Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 79 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccnd7 and 
erbB2) in breast tumors. Extra copies of myc, ccnd7 and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1 998. 
© 1998 miey-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et aL. 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erb&2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccnd], and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et aL, 1992; 
Schuuring et aL, 1992; Siamon et aL, 1987). Muss et aL (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et aL (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et aL, 1996; Heid et 
aL, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et aL (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et aL, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fiuorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nuclcolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 nr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erb&2\ as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast rumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study, if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N'\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbhl) 

N — . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optica! tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (I0 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
1 00 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 1 0% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 



GENE AMPLIFICATION BY REAL-TIME PCR 



663 



Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al, 1 994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/u.1. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alty 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 s (A4) to 10 5 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. Q (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 2 1 q2 1 .2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1 .6, mean 1 .06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and txbB2 gene dose in normal leukocyte DNA 

To determine the cut-ofT point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in 4, Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc. 0.7 to 1.6 (mean 1.06 i 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.91 ± 0. 1 9) for erbBl. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl ' and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table 1. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl. 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Til 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were, co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (I myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbB2 GENES 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 




myc 


0 


97 (89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbB2 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of . 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 rumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary,, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like al) other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai. 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations, in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (/i) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al. 1992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al (1992) and Courjal etal 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 



GENE AMPLIFICATION BY REAL-TIME PCR 



665 



1.GO0 
1.400 ^ 
1.200 
1.000 -\ 
0.800 
0.600 
0.400 
0.200 
0.000 - 1 " 
-0.200 



Amplification - CCND1 



j — Samples 




Viewer: [ ARn (B... ^ 1 



J I I I I I 1 1 I I I I I i I I 1 I i I I I I I I 1 I I 1 I I'TT'I I I I P 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter [ FAM ▼ \ 

Cycle 



2.000 
1.800 - 
1.600 - 
1,400 
1.200 
1.000 H 
0.800 
0.600 
0.400 
0.200 H 
0.000 
-0.200 



Amplification - ALB 



-r^W 



— Samples 




» i i i \ i i i i i i i i i n i i i i n i i i i m i i i i i i i \ i i 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 

Cycle 



Viewer: | ARn(B...^| 
Reporter: | FAM ▼ ] 



ALB 

C t Copy number 

26.5 4365 
25.2 10092 

25.6 7762 

Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), T 1 33 (G 1 1 , B4, red squares) 
and T 145 (A 8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et al, 1992; Borg et al, 1992; Courjal et et al, 1996). Our results also correlate well with those recently 

al, 1997). (v) The erbB2 copy numbers obtained with real-time published by Gel mini et al. (1997), who used the TaqMan system to 

PCR were in good agreement with data obtained with other measure erbhl amplification in a small series of breast tumors 

quantitative PCR-based assays in terms of the frequency and (n = 25), but with an instrument (LS-50B luminescence spectrom- 

degree of amplification (An et al., 1995; Deng et ai, 1996; Valeron eter, Perkin-Elmer Applied Biosystems) which only allows end- 



CCND1 

Tumor C t Copy number 
■ T118 27.3 4605 
M T133 23.2 61659 
11 T145 22.1 125892 



666 



B1ECHE£7^L 
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89 
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4387 








T133 
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9787 
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61100 


1111 
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375 


6.03 




61821 
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128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degTee of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foIdj. The slightly higher frequency of gene amplification 
(especially ccndl and erbBl) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg el ai, 1992; 
Slamon <?/ a/.. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Communicated by Michael Potter, February 10, 1986 

ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph 1 ) has been observed in cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpoint-cluster- region (bcr) sequences from chromosome 
22 fused to a portion of the obi oncogene on chromosome 9. The 
resulting gene product (P210 c " bl ) resembles the transforming 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P210 cabl is expressed in Ph 1 - 
positive cell lines of myeloid lineage and in clinical specimens 
with myeloid predominance. We show here that Epstein-Barr 
virus-transformed B-lymphocyte lines that retain Ph 1 can 
express P210 c_mbl . The level of expression in these B-cell lines is 
generally lower and more variable than that observed for 
myeloid lines. Protein expression is not related to amplification 
of the abl gene but to variation in the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6). Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P210 c abl (10-13), with an amino-terminal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P210 c abl is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160 v abl transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA and P210 Cttbl than 
the c-abl mRNA forms (6 and 7 kb) and P145 c " abl gene product 
(5, 8, 9, 11). The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6). 

We have analyzed a series of Epstein-Barr virus-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph 1 do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210 c abl suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-abl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus-transformed 
B-iymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report- 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbecco's modified Eagle's medium lacking phosphate and 
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supplemented with 5% dialyzed fetal bovine serum. Cells 
were then resuspended in 2 ml of the minimal medium. 
Labeling was started with the addition of [ 32 P]orthophos- 
phate (1 mCi/ml; ICN; 1 Ci =? 37 GBq) and continued at 37°C 
for 3-4 hr. 

Immunoprecipitation and Immunoblotting . Immunoprecip- 
itations were carried put as described (10). Cells (1.5 x 1Q 7 ) 
were washed with phosphate-buffered saline and extracted 
with 3^5 ml of phosphate lysis buffer (1% Triton X-100/0.1 
NaDodSO 4 /0.5% deoxycholate/10 mM Na 2 HP0 4 , pH 7.5/ 
100 mM NaQ) with 5 mM EDTA and 5 mM phenylmethyl- 
sulfonyl fluoride. Extracts were clarified by centrifugation 
and precipitated with normal or rabbit anti-abl sera (anti- 
pEX-2 or anti-pEX-5) (17), The precipitated proteins were 
electrophoresed in a NaDodS0 4 /8% pqlyacrylarnide gel. 
32 P-labeied proteins were detected by autoradiography. 
Alternatively, abl proteins were detected by immunoblotting. 
Extracts from unlabeled cells were clarified, and proteins 
were concentrated by immunoprecipitation with rabbit anti- 
sera against aW-encoded proteins [anti-pEX-2 and anti-pEXr 
5 combined (17)] and then fractionated in 8% acrylamide gels. 
The protejns were transferred from the gel to nitrocellulose 
filters, using protease-facilitated transfer (18). The abl- 
encoded proteins were detected using murine monoclonal 
antibodies as a probe and peroxidase-conjugated goat anti- 
mouse second stage antibody (Bio-Rad) for development. 
Rabbit antisera and mouse monoclonal antibodies to abl 
proteins were prepared using bacterially expressed regions of 
the v-abl protein as immunogens (17, 19). Anti-pEXr2 anti- 
bodies react with the internal tyrosine kinase domain and 
anti-pEX-5 antibodies react with the carboxyl-terminal seg- 
ment of the abl proteins. 

RNA Analysis. RNA was extracted from 10 s cells by the 
NaDodS0 4 /urea/phenol method (20). Polyadenylylated 
RNA was purified by oligo(dT) affinity chromatography. 
Samples were electrophoresed in a 1% agarose/formalde- 
hyde gel and transferred to nitrocellulose, abl RNA species 
were detected by hybridization with a nick-translated v-abl 
fragment probe (21). 

DNA Analysis. DNA was prepared from 5 x 10 7 cells of 
each cell line and processed for Southern blots with a w-abl 
probe as described (21). 

RESULTS 

Variable Levels of P210~ bl Are Detected in Pl^-Positive Ceil 
Lines. Ph 1 -po$itive and Ph 1 -negative, Epstein-Barr virus- 
transformed B-lymphocyte cell lines derived from the same 
patient were examined for P210 c "* bl synthesis by immuno- 
precipitation of [ 32 P]orthophosphate-labeled cell extracts 
with anti-abl sera (Fig. 1). The normal c-abl protein P145 c ' abl 
was detected at a similar level in multiple Ph^positive and 
Ph^negative cell lines. P210 c " abl was only detected in the 
Ph^positive cell lines because the bcr-abl chimeric gene 
which encodes P210 c "* bI resides on the Ph! (4, 5, 11, 13). The 
level of P210 c-abl was about 4- to 5-fold higher than the level 
of P145~ w in the SK-CML7Bt-33 ceU line (Fig. U, +). The 
Ph l -positive (eiythroid-prbgenitor cell line K562 (C) showed 
a leyel pf about 10-fold higher than P145 c ^ w . 

However, the level of P210 c -* bI was about one-fifth that of 
P145 c-*>i in fa ph^positive SK-CML16Bt-l ceil line (Fig. IB, 
+). Comparison of different autoradiographic exposures 
roughly indicated that the level of P210 c * b ' varies over a 
20-fold range between these Ph^positive B-ceti lines. Anal- 
ysis of four additional Ph l -positive B-cell lines demonstrated 
that the level of P210 c * ab! fell into two genera) classes; some 
cell lines had a level of f2W^ similar to SK-CML7Bt-33 
and others had the lpw level similar to SK-CML16BM (Table 
1). This differs from previous studies with Ph^positive 
myeloid cell lines and patient samples derived from acute- 
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Fig. 1. Detection of variable levels of YIVF** in Ph l -positive 
B-cell lines. Production of P145 e -^ and P210 c "* bl in Epstein-Barr 
vims-transformed B-cell lines derived from a blast-crisis (A) and a 
chronic-phase (B) CML patient was examined by metabolic labeling 
with [ 32 P]orthophosphate and immunoprecipitation. Ph 1 -negative 
(-) and Ph^positiye (+) cell lines derived from each patient were 
analyzed. The Ph^negative cell line in A,- is SK-CML7BN-2 and in 
B,- is SK-CML16BN-1. The Ph l -positive cell line in A,+ is 
SK-CML7Bt-33 and in B t + is SK-CML16BM. The K562 cell line, a 
Ph^positive erythroid progenitor cell line spontaneously derived 
from a blast-crisis patient (33), is represented in C. Cells (1.5 x 10 7 ) 
were metabolically labeled with 2 mCi of [ 32 P]orthophosphate for 3-4 
hr and then were extracted and clarified by centrifugation. Samples 
were immunoprecipitated with control normal serum (lanes 1), 
anti-pEX-2 (lanes 2), or anti-pEX-5 (lanes 3) and analyzed by 
NaDodS0 4 /8% PAGE followed by autoradiography with an inten- 
sifying screen (3 days for A and C, 10 days for B). 

phase CML patients, in which P210 c abl was detected at a 
10-fold higher level than P145 c " abl (refs. 10 and 11; Table 1). 
There was no large difference in level of chimeric mRNA and 
P210 c abl expressed in four myeloid/erythroid-lineage Ph 1 - 
positive cell lines (K562, EN}2, EM3, CML22, and BV173; 
refs. 9 and 11), despite a 4- to 5-fold amplification of 
aM-related sequences in the K562 cell line. 

Detection of different levels of P210 c * abl in Fig. 1 could be 
due to decreased phosphorylation of P210 c abl , a lower level 
of F2l(f mabl synthesis, or altered stability of the protein. To 
help distinguish among these possibilities, the steady-state 
level of P210 c " abl in the cell lines was assayed by immuno- 
blotting. The results show that SK-CML7Bt-33 (Fig. 2A, +) 
had a higher level of P210 c ' abI than P145, similar to the results 
with metabolic labeling (Fig. 1). We did not detect P210 c - abl 
by immunoblotting with 2 x 10 7 cells of line SK-CML8Bt-3 
(Fig. 2B, +). Reconstruction experiments using dilutions of 
cell extracts showed that we could detect about 5-10% the 
level of P210 c - W expressed in the K562 cell line (data not 
shown). We infer that the steady-state level of P210 c abl in 
SK-CML8Bt-3 is lower than the level in SK-CML7Bt-33 by 
a factor of at least 10. The level of P210 c abl detected in these 
assays correlated with the amount of P210 c_abl tyrosine kinase 
activity that could be detected in vitro (data not shown). 

Different Levels of P210 c "* bi Are Reflected in the Amount of 
Stable bcr-abl mRNA. To identify the basis for detection of 
variable levels of P210 c "* w , we examined the production of 
the abl RNA. RNA blot hybridization analysis using a v~abl 
probe (Fig. 3) showed that the normal £ and 7-kb c-abl 
mRNAs were present at a similar level in PhA-positive and 
-negative cell lhies derived from different patients. However, 
the 8-kb mRNA that encodes P210 c ' abi was detected at a 
10-fold higher level in SK-CML7Bt-33 (Fig. 3A, +) than in 
SK-CML16BM (£, +), which correlated with the relative 
level pf P210 c_ftbl detected in each cell line. Analysis of 
additional cell lines demonstrated that the level of 8-kb RNA 
directly correlated with the level of P2 lO*** (Table 1). The 
variation in level of 8-kb RNA detected in these cell lines was 
not due to loss or gain of Ph 1 , because cytogenetic analysis 
confirmed the presence of Ph 1 in these cell lines (ref. 16 and 
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Table 1. Relative levels of bcr-abl expression in Epstein-Barr 
virus-immortalized B-ceU lines and myeloid CML lines 

8-kb 



Cell line* 


CML phase' 


rh ♦ 


r21U ¥ 


m DVT Al 


SK-CML7BN-2 


BC 


- 


- 


- 


SK-CML8BN-10 


Chronic 


- 


- 


- 


SK-CML8BN-12 


Chronic 


- 


- 


- 


SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 


. + 


+ + + 


+ + + 


SK-CML21BM 


Acc 


+ 


+ + + 


++ + 


SK«CML21Bt-6 


Acc 


+ 


+ + + 


+ + + 


SK-CML8Bt-3 


Chronic 


+ 


+ 




SK-CML16BM 


Chronic 


+ 


+ 


+ 


SK-CML35Bt-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+ 


+ + + + + 


+ + + + + 


BV173 


BC 


+ 


+ + + + + 


+++++ 


EM2 


BC 


+ 


+ + + + + 


+++++ 



♦Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph 1 status: SK-CML7Bt indicates a cell line 
derived from patient 7 that carries the 9;22 Ph l translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, 11, 22, 
33). 

Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

♦Presence (+) or absence (-) of Ph 1 as demonstrated by karyotypic 
or Southern blot analysis. 

$P210 c " abl detected as described in legend to Fig. 1. B-cell lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+ + +) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + + +). 
'Eight-kilobase bcr-abl mRNA detected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; + + + + + , level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-abl mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than that of 
the 6- and 7-kb species; + , a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of a£/-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 c abl detected. This could be mediated 
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Fig. 2. Analysis of steady-state abl protein levels by immuno- 
blotting. Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 (A,-). SK-CML7Bt-33 (A,+), SK-CML8BN-10 (£,-), 
and SK-CML8Bt-3 (£,+) were concentrated by immunoprecip- 
itation with anti-pEX-2 plus anti-pEX-5. Samples were then electro- 
phoresed in a NaDodS0 4 /8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 aW-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 
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Fig. 3. Comparison of abl RNA levels in Ph l -positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abl 
RN As and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a v-abl probe. RNA was extracted from Ph ! -negaUve lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (*,-), from Ph^pos- 
itive lines SK-CMUBt-33 (A,+) and SK-CML16Bt-3 (5,+), and 
from line K562 (C,+) by the NaDodS0 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 fig of each sample was electrophoresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-translated v-abl fragment 
probe (21) and then autoradiographed for 4 days. 

by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 
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Fig. 4. Southern blot analysis of abl sequences in Ph^positive 
and -negative B-cell lines. High molecular weight DNA (15 /ig) was 
digested with restriction endonuclease BamHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgl II v-abl 
fragment (1.5 x 10* cpm//xg; ref. 21) and exposed for 4 days. (A) 
Autoradiogram of cW-specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2). K562 (lane 3), SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16Bt-l (lane 6), SK-CML21Bt-6 (lane 7), SK- 
CML35Bt-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10). and SK-CML35BN-1 (lane 11). (B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the w-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-aW 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of fra/w-acting factors that occur during evolution of 
the disease. Our analysis of P210 c abl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph l -positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
. P210 c * abl one-fifth that of P145 cabf , as detected by metabolic 
labeling with [ 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 c abl expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Prepositive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 caW in those 
derived from patic i at more advanced stages of the disease. 



It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
]3-catenin levels. Stabilized 0-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (AFC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling" 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies z-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 



Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
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cDNA was synthesized from 2 /ig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 ptg 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDN A library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP -2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Acl) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP-speciik signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/WnM cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-L The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

C57MG 



Parent Wnt-1 Wnt-4 ' 




Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP- 1 (A) and 
WISP-2 (B\ expression in C57MG, C57MG/WnM, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp H7SP-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridizedwith 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP : 1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (/I) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines, is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-f/). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 





Fig. 4. (A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D)> and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the Q-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 ptg) 
digested with £o?RI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to > 25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 



100 T 



CC 



< 
Z 

CC 

G 

Ql 
V) 



0.1 
10 



0.1 
0.01 



0 

100 



I t 

JLl JL I 


WISP-1 

n n n n fl fl II n 




fSi 


WISP-2 


ii » 






L llilii 


WISP-3 


! 



02 39 64 07 10 99 159 30 120 1B4 140 t04 210 212 200 17 30 215 70 
M Bi B2 B2 B2 92 82 82 B2 62 B2 82 CI C2 C2 C2 D DO D 

Patient #/Dukes Stage 

Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP m RNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means' ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a y fo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicpn has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting -it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic j3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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Preferential Channeling of Energy Fuels Toward Fat 
Rather Than Muscle During High Free Fatty Acid 
Availability in Rats 
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The preferential channeling of different fuels to fat and 
changes in the transcription profile of adipose tissue 
and skeletal muscle are poorly understood processes 
involved in the pathogenesis of obesity and insulin re- 
sistance. Carbohydrate and lipid metabolism may play 
relevant roles in this context. Freely moving lean Zucker 
rats received 3- and 24-h infusions of Intralipid (Phar- 
macia and Upjohn, Milan, Italy) plus heparin, or saline 
plus heparin, to evaluate how an increase in free fatty 
acids (nonesterified fatty acid [NEFA]) modulates fat 
tissue and skeletal muscle gene expression and thus 
influences fuel partitioning. Glucose uptake was deter- 
mined in various tissues at the end of the infusion period 
by means of the 2-deoxy-[l- 3 H]-D-glucose technique af- 
ter a euglycemic-hyperinsulinemic clamp: high NEFA 
levels markedly decreased insulin-mediated glucose up- 
take in red fiber-type muscles but enhanced glucose 
utilization in visceral fat. Using reverse transcriptase- 
polymerase chain reaction and Northern blotting anal- 
yses, the mRNA expression of fatty acid translocase 
(FAT)/CD36, GLUT4, tumor necrosis factor (TNF)-a, 
peroxisome proliferator-activated receptor (PPAR)-y, 
leptin, uncoupling protein (UCP)-2, and UCP-3 was in- 
vestigated in different fat depots and skeletal muscles 
before and after the study infusions. GLUT4 mRNA lev- 
els significantly decreased (by —25%) in red fiber-type 
muscle (soleus) and increased (by —45%) in visceral adi- 
pose tissue. Furthermore, there were marked increases 
in FAT/CD36, TNF-a, PPAR-7, leptin, UCP2, and UCP3 
mRNA levels in the visceral fat and muscle of the treated 
animals in comparison with those measured in the sa- 
line-treated animals. These data suggest that the in vivo 
gene expression of FAT/CD36, GLUT4, TNF-a, PPAR-7, 
leptin, UCP2, and UCP3 in visceral fat and red fiber- 
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type muscle are differently regulated by circulating lip- 
ids and that selective insulin resistance seems to favor, 
at least in part, a prevention of fat accumulation in tis- 
sues not primarily destined for fat storage, thus contrib- 
uting to increased adiposity and the development of a 
prediabetic syndrome. Diabetes 50:601-608, 2001 




In obesity, excessive energy storage as fat is mainly 
due to an imbalance between energy intake and 
expenditure, and the preferential channeling of ex- 
cess calories as fat rather than protein or glycogen 
may play an important role in the development and 
maintenance of the disease. Carbohydrates and lipids 
share common metabolic pathways, which may be impor- 
tant in the regulation of energy metabolism and fuel 
partitioning. Insulin stimulates glucose oxidation in skel- 
etal muscle and adipose tissue, but increased blood levels 
of other macronutrients may interfere with glucose oxida- 
tion: for example, although basal glucose utilization re- 
mains unaffected by lipid infusion, insulin-mediated glucose 
utilization decreases, as measured by means of the eugly- 
cemic-hyperinsulinemic clamp technique (1). Further- 
more, positron emission tomography scanning using fluoro- 
2-deoxyglucose as a tracer shows that this inhibition mainly 
takes place in skeletal muscle (2). Free fatty acid (nonesteri- 
fied fatty acid [NEFA])-induced insulin resistance saves 
scarce glucose for central nervous system requirements, but 
this becomes counterproductive in obesity because it inhibits 
glucose utilization when there is no need to save it Glucose 
and NEFA might thus be channeled toward tissues (such as 
adipose tissue in which insulin sensitivity is maintained or 
even improved) and contribute to triglyceride synthesis, 
although the cellular and molecular mechanisms responsible 
for these processes (particularly for defective muscle glucose 
uptake) are still under debate. It has been suggested that 
tumor necrosis factor (TNF)-a may play a relevant role 
because it is overexpressed in the adipose tissue of obese 
insulin-resistant rodents and humans, and TNF-a antibodies 
counteract insulin resistance in the fat and muscle of genet- 
ically obese Zucker rats (3). 

In addition to substrate competition, which is a very 
complex metabolic phenomenon involving much more 
molecular and cellular events than those firstly hypothe- 
sized by Randle et al. (4) and others (5-7), other processes 
and factors are known to regulate fuel partitioning and fat 
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deposition, including the hormonal milieu (i.e., insulin 
levels) and the expression of genes whose products play 
active roles in tissue energy homeostasis, such as leptin 
and uncoupling protein (UCP>2 and UCP3 (8,9). Recent 
evidence suggests that once inside the cells, the fatty acids 
derived from the uptake of the NEFA released by the 
hydrolysis of circulating triglyceride-rich lipoproteins or 
from circulating fatty acids bound to serum albumin (10) 
act as signaling molecules. They bind to and activate the 
peroxisome proliferator-activated receptor (PPAR) pro- 
tein family, a new class of nuclear receptors that can link 
fatty acids by means of a program of gene expression (11). 
PPAR-7 modulates the expression of genes involved in 
adipogenesiSj lipid storage, and metabolism, such as fatty 
acid translocase (FAT)/CD36 (12). Furthermore, it has 
been hypothesized that cross-talk may exist between 
insulin action and PPAR--y functions in mature adipocytes 
because the thiazolidinediones, a new class of antidiabetic 
drugs that improve in vivo insulin sensitivity in humans 
(13), have been found to bind and activate PPAR-7 (14). 
PPAK-7 is also expressed at lower levels in skeletal muscle 
(15), but its role in this tissue is not yet fully understood. 

We have recently suggested that circulating NEFAs in 
healthy human subjects directly favor the accumulation 
and metabolism of fatty acids in adipose depots by mod- 
ulating the expression of some of these specific adipose 
genes (16). However, that study did not provide any 
information concerning the effect(s) of circulating NEFAs 
on muscle metabolism and gene expression. The aim of 
the present study was therefore to investigate fuel parti- 
tioning during exposure to high plasma NEFA levels 
similar to those induced by high-fat diets. In particular, we 
compared the expression of different genes involved in the 
peripheral control mechanisms of energy balance in white 
fat and skeletal muscle and their relationships with overall 
and tissue glucose metabolism. 

RESEARCH DESIGN AND METHODS 

Surgical procedure and infusion protocol. Adult male lean (Fa/?) Zucker 
rats (Charles River, Lecco, Italy) of 200 g body weight were housed at 24°C 
with a 0700-1900 light cycle and had free access to water and food pellets. All 
of the animals were studied in the morning after 6 h of fasting. The study 
protocol was approved by the institutional review board of the University of 
Padova. 

Surgical procedure was as previously described (17). At the end of 
anesthesia, the animals were placed in individual cages with a single slot for 
the catheters, which were kept under continuous tension. The patency of the 
arterial catheter was maintained by means of a slow infusion of saline 
solution. 

In a first series of experiments, four groups of six animals each were 
studied. Twelve hours after surgery, an infusion of 20% triglyceride emulsion 
(Intralipid; Pharmacia and Upjohn, Milan, Italy) plus heparin (20 U/ml) was 
started and continued at a rate of 0.7 mVh for either 3 or 24 h in the two 
experimental groups, whereas the two control groups received saline solution 
plus heparin at the same infusion rate. Blood samples were collected before 
and after 3 and 24 h of infusion to determine blood glucose, plasma insulin, 
NEFA, and leptin concentrations. The rats were then submitted to a euglyce- 
mic-hyperinsulinemic clamp to evaluate overall and tissue glucose utilization 
(see below). 

In a second series of experiments, four other groups of six animals each 
were infused following the same protocol as that described above. After a 3- 
or 24-h infusion period, the rats were killed, and tissues were removed for 
quantification of gene expression. FAT/CD36, GLUT4, TNF-a, PPAR-7, leptin, 
UCP2, and UCP3 mRNA levels were assessed in various muscles and visceral 
fat by means of Northern blotting or reverse transcriptase-polymerase chain 
reaction (RT-PCR) analysis (see below). 

Tissue glucose utilization index. The glucose utilization index was as- 
sessed at the end of a euglycemic-hyperinsulinemic clamp. A primed contin- 



uous infusion of human insulin (Actrapid HM; Novo Nordisk, Copenhagen) 
(dissolved in 0.9% saline solution) was administered at a rate of 3 mU/min for 
120 min. Arterial blood was sampled at 5-niin intervals throughout the clamp 
to determine plasma glucose concentrations. Starting 1 min after the begin- 
ning of the insulin infusion, glucose (20% wt/vol solution) was infused at a rate 
that was adjusted to maintain plasma glucose at preinfusion levels, as 
previously described (18). 

Glucose utilization in vivo within the individual tissues was studied 
according to a previously described method (19,20). Briefly, a flash injection 
of 30 u.Ci of the nonmetabolizable glucose analog 2-deoxy-[l- 3 H]-D-glucose 
((^j^DG) (Amersham Pharmacia, Arlington Heights, IL) was administered in 
30 u.1 0.9% NaCl solution through the femoral vein, and arterial blood samples 
were obtained at different times after the bolus administration. Upon comple- 
tion of blood sampling, the rats were killed, and their adipose tissue and 
skeletal muscles were quickly removed, collected in liquid nitrogen, and kept 
frozen at -80°C for subsequent analysis. The glucose utilization index was 
derived from the amount of 2 deoxy-[l-H]-glucose-6-phosphate ([ 3 H]-DGP) 
measured in the various tissues as previously described (19), thus using the 
accumulation of [ 3 H]-DGP as an index of the glucose metabolic rate. 
Northern blot and RT-PCR analysis. Total mRNA was isolated from 
adipose and muscle tissues using the RNAzol method (TM Cinna Scientific, 
Friendwood, TX), and Northern blots and hybridization were performed as 
previously described (21) using the cDNA probe of the rat GLUT4, UCP2, 
UCP3, and leptin genes. Quantitation was performed by scanning densitome- 
try by Image Master VDS (Pharmacia-Biotechnology). 

RT-PCR analyses were performed as described (16). Taq DNA polymerase 
(Promega) in 25 \l\ standard buffer (10 mmol/1 Tris-HCl, pH 9, 50 mmol/1 KC1, 
0.1% Triton X-100, 2.5 mmol/1 MgCl 2 , and 200 u.mol/1 dNTPs) and 40 pmol of 
each specific sense and antisense oligonucleotide primer were used. The 
primer sequences chosen using the Gene-Works program (IntelliGenetics) 
were as follows: for FAT/CD36: 5'-AAG AGA GAT GAG GAA CCA GAG C-3', 
5'-AGT GAA GGT TCG AAG ATG GC-3'; for TNFk*: 5'-ATG AGG ACT GAA 
AGC ATG ATC CGG GAC GTG G-3' and 5'-CAA TGA TCC CAA AGT AGA CCT 
GCC CAG ACT C-3'; for PPAR-7: 5'-AAC TGC GGG GAA ACT TGG GAG ATT 
CTC C-3' and 5'-AAT AAT AAG GTG GAG ATG CGA GCT CC-3'; and for 
leptin: 5'-CAC CAA AAC CCT CAT CAA GCA-3' and 5'-AGC CTG CTC AGG 
GCC ACC ACC-3'. The primers for (J-actin were added at the tenth cycle of 
each PCR amplification to avoid a plateau situation. All of the genes were 
amplified using 30 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, 
followed by a 5-min final extension at 72°C. After amplification, 10 jxl of the 
reaction mixture were separated by electrophoresis (1.2% agarose gel in 
Tris-acetate-EDTA buffer), visualized using ethidium bromide staining and a 
Quicklmage-D system (Camberra Packard, Milan, Italy), and densitometrically 
analyzed using Phoretix ID version 3.0. The number of cycles for the 
semiquantitative RT-PCR assay and the conditions of the reaction temperature 
were estimated to be optimal for a linear relationship between the amount of 
input template and the amounts of PCR product generated over a significant 
concentration range: 20-100 ng from total RNA In particular, the linearity of 
the RT-PCR amplifications for all of the tested genes was measured at 15, 30, 
and 40 cycles (data not shown). The RT-PCR analyses were performed three 
times on the same sample from each of the six animals. The intra-assay 
coefficient of variation was <5%. 

Plasma assays. Plasma glucose was measured by means of the glucose 
oxidase method (Glucose Analyzer; Beckman Instruments) and insulin by 
means of radioimmunoassay using rat standards (Techno Genetics, Milan, 
Italy; Linco Research, St Charles, MO). NEFAs and leptin were determined 
using commercial kits (Boehringer Mannheim, KK, Tokyo) (recombinant rat 
leptin; Linco Research). 

Statistical analysis. The results are presented as mean values ± SE. 
Statistical significance was assessed by means of analysis of variance. All of 
the analyses were made using the Statview statistical package. The level of 
significance was set at P < 0.05. 



RESULTS 

Metabolic parameters. Intralipid plus heparin infusion 
significantly increased plasma NEFA and insulin levels in 
comparison with the saline plus heparin-treated rats, but 
no significant differences in blood glucose were observed 
(Table 1). Intralipid treatment was also followed by a 
significant increase in serum leptin levels, which was 
evident after only 3 h of infusion (Table 1). No significant 
differences in food intake and body weight were rioted 
between the two groups of animals (data not shown). 
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TABLE 1 

Metabolic parameters measured during Intralipid plus heparin infusion or saline plus heparin infusion in normal-weight 



male Zucker rats 





Baseline 


3h 


24 h 


Free fatty acid (|±mol/l) 






852.0 ± 54.0 


Saline 


833.9 ± 69.5 


694.2 ± 180.5 


Intralipid 


ftl 1 9 + ^fi Q 


1817 4 + 241 0*t 


1861.7 ± 183. l*t 


Glucose (mmol/1) 






5.7 ± 0.3 


Saline 


5.7 ± 0.7 


5.3 ± 0.6 


Intralipid 


. 5.3 ± 0.2 


6.0 ± 0.4 


5.7 ± 0.2 


Insulin (mU/1) 






23.5 ± 3.8 


Saline 


30.1 ± 3.2 


33.8 ± 9.5 


Intralipid 


35.1 ± 5.2 


. 74.4 ± 13.5*t 


65.9 ± 15.0*t 


Leptin (ng/ml) 






0.84 ±0.14* 


Saline 


1.66 ±0.16 


1.47 ± 0.16* 


Intralipid 


1.92 ± 0.17 


2.41 ± 0.30*t 


2.37 ± 0.28*t 



Data are means ± SE. *P < 0.05 vs. baseline; IP < 0.05 vs. saline plus heparin infusion. 



Glucose infusion rate and tissue glucose utilization 
index during a euglycemic-hyperinsulinemic clamp. 

The glucose infusion rate was significantly lower in the 
Intralipid-infused rats than in the saline-treated rats after 
both 3 h of treatment (38.14 ± 1.74 vs. 18.38 ± 1.26 mg • 
kg" 1 • min~ l ; P < 0.0002) and 24 h of treatment (38.14 ± 
1.74 vs. 17.89 ± 1.44 mg • kg" 1 ■ min" 1 ; P < 0.0002). Figure 
1 shows that the glucose utilization index was significantly 
reduced in the same animals in all of the oxidative muscles 
considered (the red portion of the quadriceps and gastroc- 
nemius, and the soleus) after both 3 (Table 2) and 24 h 
(Fig. 1) of treatment Increased NEFA availability was 
followed by an enhanced glucose uptake in visceral adi- 
pose tissue after 3 (Table 2) and 24 h (Fig. 1), but no 
difference was observed in white fiber-type muscles (white 
portion of quadriceps and gastrocnemius) or in the subcu- 
taneous fat depot at either time point (Table 2 and Fig. 1). 
On the basis of these results, the following experiments 
were performed only in visceral fat and red fiber-type 
muscle (soleus). 

Effects of Intralipid plus heparin infusion on gene 
expression in visceral fat and red fiber-type skeletal 
muscle. Postinfusion RT-PCR analysis using specific prim- 
ers of the RNA isolated from visceral fat, and red fiber- 
type muscle showed a marked increase in FAT/CD36 
mRNA in comparison with the levels in the saline-treated 
animals after both 3 and 24 h in the soleus but only after 
24 h in visceral fat (Fig. 2). 

Figure 3A shows that the enhancement of glucose 
uptake observed after Intralipid plus heparin infusion was 
paralleled by increased GLUT4 expression in visceral fat 
after 24 h. GLUT4 mRNA levels were significantly de- 
creased in the soleus muscle after both 3 and 24 h of 
Intralipid infusion (Fig. 4A). 

Because it has been widely reported that TNF-a can 
affect adipose tissue and muscle metabolism at various 
levels and it has been demonstrated that TNF-a modulates 
GLUT4 expression (22), we measured TNF-a's mRNA 
levels by RT-PCR after Intralipid plus heparin infusion. 
Figures 3B and 4£ show that the levels of TNF-a mRNA 
were markedly higher in fat and soleus after both 3 and 
24 h in comparison with those measured in the saline plus 
heparin-treated animals. 

In addition, because the expression of PPAR-7 protein 



appears to be modulated by calorie intake of fat (23), we 
investigated whether increased levels of plasma fatty acids 
could affect PPAR-7 mRNA levels and found that these 
were high after both 3 and 24 h in red fiber-type muscle 
(Fig. 4Q, but only after 3 h in visceral fat (Fig. 3(7). 
Moreover, the Intralipid infusion markedly increased 




w.quadr. r.quadr. w.gastr. r.gastr. sol. 




s.a.t. v.a.t. 



FIG. 1. Glucose utilization index measured in various skeletal muscles 
and adipose tissue depots after 24-h Intralipid plus heparin (■) or 
saline plus heparin (□) infusion in rats at the end of a euglycemic- 
hyperinsulinemic clamp (see research design and methods). Each bar 
represents the mean ± SE of six experiments for each group, r. gastr., 
red gastrocnemius; r. quadr., red quadriceps; s.a.t., subcutaneous 
adipose tissue; sol., soleus; v.a.t., visceral adipose tissue; w. gastr., 
white gastrocnemius; w. quadr., white quadriceps. *P < 0.01 vs. saline 
plus heparin infusion. 
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TABLE 2 

Tissue glucose utilization indexes assessed at the end of a euglycemic-hyperinsulinemic clamp after 3 h of Intralipid plus heparin 
infusio n or saline plus heparin infusion in normal-weight male Zucker rats 

Subcutaneous Visceral White Red White Red 

adipose tissue adipose tissue quadriceps quadriceps gastrocnemius gastrocnemius Soleus 

Control 1.13 ± 0.23 0.32 ± 0.07 4.86 ± 0.65 13.46 ± 1.53 3.64 ± 1.16 10.36 ± 1.17 16.55 ± 1.70 

Intralipid 0.93 ± 0.07 0.90 ± 0.17* 4.23 ± 0.50 8.60 ± 1.55* 3.83 ± 0.59 9.10 ± 1.33 10.13 ± 0.32f 

The glucose utilization index was derived from the amount of [ 3 H]-2DGP measured in the various tissues as previously described (19), thus 
using the accumulation of [ 3 H]-2DGP as an index of the glucose metabolic rate. *P < 0.05 vs. saline plus heparin infusion; fP < 0.01 vs. saline 
plus heparin infusion. 



the levels of leptin mRNA in fat after both 3 (not shown) 
and 24 h (Fig. 5A). Leptin gene expression in muscle was 
detected by RT-PCR only after 24 h of Intralipid infusion 
but was undetectable at baseline and after 3 h (Fig. 5B). 
Interestingly, mean plasma leptin levels were increased by 
the first 3-h Intralipid plus heparin in comparison with base- 
line (Table 1). These results are in line with the reported 
observation that high-fat feeding leads to increased leptin 
gene expression in rat adipose tissue and muscle (23). 

Because adipose UCP2 has been found to be upregu- 
lated by a high-fat diet (24), we investigated whether 
increased plasma fatty acid levels affect the expression of 
UCP2 and UCP3 in the visceral adipose tissue and skeletal 
muscle of normal-weight rats. Figure 5C shows that the 
mRNA levels of UCP2 were increased 24 h after Intralipid 
plus heparin infusion in both fat and muscle with respect 
to those of saline-treated rats. Figure 5D shows that the 
mRNA levels of UCP3 were increased 24 h after Intralipid 
plus heparin infusion in muscle, but not in visceral fat, 
with respect to those of saline-treated rats. Both UCP2 and 
UGP3 mRNA levels were unchanged after 3-h Intralipid 
plus heparin infusion (data not shown). 

DISCUSSION 

The experimental approach used in this study mimics in a 
short time the increased circulating NEFA levels observed 
with a high-fat diet. As shown by the reduced glucose 
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FIG. 2. FAT/CD36 expression after 3 or 24 h of treatment with saline 
plus heparin (□) or Intralipid plus heparin (■) infusion in the red 
fiber-type muscle (muscle) and visceral fat (v.a.t.) of normal-weight 
rats. Top panels: representative agarose gels showing RT-PCR analysis 
of FAT/CD36 and p-actin mRNA content in fat and muscle samples of 
one animal. Bottom panels: densitometric analysis of the ratios of 
FAT/CD36/(J-actin mRNA abundance normalized to arbitrary units. 
Bars represent the mean ± SE of six animals (*P < 0.05, **P < 0.01 vs. 
saline plus heparin infusion). The FAT/CD36 mRNA levels did not 
change after saline infusion. 



infusion rate during a euglycemic-hyperinsulinemic clamp 
(which was probably due to increased lipid use by red 
fiber-type muscles), insulin resistance develops as a result 
of the greater NEFA availability driven by Intralipid plus 
heparin infusion. Early enhancement of the gene expres- 
sion of FAT/CD36 (which is suggested to be involved in 
NEFA uptake [25]) was evident in rat muscle after 3 h of 
infusion, and red fiber-type muscle insulin-dependent glu- 
cose uptake measured by [ 3 H]-2DG technique decreased 
in accordance with the competitive action of NEFA on 
glucose metabolism (4-7). 

A number of molecular mechanisms may be involved. 
First, GLUT4 mRNA levels were reduced in the red fiber- 
type muscles of the rats infused with Intralipid plus 
heparin after both 3 and 24 h, and TNF-a gene expression 
(which is extremely low even if measured by RT-PCR 
under baseline conditions) was markedly enhanced. This 
finding is relevant because, although high TNF-a expres- 
sion has been demonstrated in the adipose tissue of 
insulin-resistant obese rodents (26) and humans (27), the 
fact that circulating TNF-a levels in insulin-resistant obese 
subjects were not detected in all studies (28) raised doubts 
as to whether adipose-released TNF-a really affects mus- 
cle metabolism. Our finding that high levels of circulating 
NEFAs can directly increase TNF-a mRNA levels in red 
fiber-type muscle suggests that the putatively increased 
TNF-a protein may act in a paracrine way in muscle 
tissues. Because an inverse linear relationship between 
the maximum glucose disposal rate and muscle TNF-a has 
been reported (29), this may constitute a critical point in 
the development of insulin resistance. It has been shown 
that TNF-a impairs insulin receptor signaling (30,31) and 
that TNF-a knockout mice have more GLUT4 protein 
expressed in muscle tissue (32). Our findings suggest that 
greater NEFA availability may shift red fiber-type muscle 
metabolism to preferential use of lipids rather than carbo- 
hydrates as fuel substrates. This may be at least partially 
due to the induction of TNF-a and the inhibition of GLUT4 
gene expression. 

There is a simultaneous increase in the insulin sensitiv- 
ity of visceral but not subcutaneous fat. The Intralipid 
infusion significantly increased GLUT4 gene expression in 
visceral adipose tissue, thus suggesting that energy fuels 
may be preferentially partitioned to fat rather than muscle. 
It is interesting to note that both GLUT4 and TNF-a 
increased in visceral adipose tissue but not in red fiber- 
type muscles. GLUT4 favors glucose utilization, whereas 
TNF-a counteracts excessive fat storage by means of 
various mechanisms (e.g., by stimulating lipolysis [33] and 
decreasing the activity of adipose tissue lipoprotein lipase 
[34]). A similar pattern of events has been observed in the 
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FIG. 3. GLUT4, TNF-a, and PPAR7 mRNA levels after 3 or 24 h of treatment with saline plus heparin (□) or Intralipid plus heparin (■) infusion 
in the visceral fat (v.a.t.) of normal weight rats. Top panels: representative autoradiograms showing Northern blotting analysis of GLUT4 and 
P-actin mRNA (A) and representative agarose gels showing RT-PCR analysis of TNF-a (B), PPAR-7 (C), and p-actin (B and C) mRNA content in 
fat samples of one animal. Bottom panels: densitometric analysis of the ratios of GLUT4/p-actin, TNF-a/p-actin, and PPAR-7/p-actin mRNA 
abundance normalized to arbitrary units. Bars represent the mean ± SE of six animals (*P < 0.05 and **P < 0.01 vs. saline plus heparin infusion). 
The GLUT4, TNF-a, and PPAR-7 mRNA levels did not change after saline plus heparin infusion. 



dynamic phase of several animal models of obesity in which 
fat accumulation is accompanied by increased glucose up- 
take and GLUT4 gene expression in adipose tissue, and 
insulin resistance develops at the muscle level (17). 

The increased expression of PPAR-'y and leptin in both 
muscle and adipose tissue after Intralipid infusion may 



be a means of counterbalancing the development of insu- 
lin resistance. After Intralipid infusion, all of the studied 
tissues showed a higher expression of the PPAR-7 gene, 
a major adipogenic transcription factor that is poorly 
expressed in preadipocytes but turned on during adipo- 
genesis (35) and that regulates the expression of most adi- 
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FIG. 4. GLUT4, TNF-a, and PPAR-7 mRNA levels after 3 or 24 h of treatment with saline plus heparin (□) or Intralipid plus heparin (■) infusion 
in the red fiber-type muscle (soleus) of normal-weight rats. Top panels: representative autoradiograms showing Northern blot analysis of GLUT4 
and p-actin mRNA {A) and representative agarose gels showing RT-PCR analysis of TNF-a (2?), PPAR-7 (C), and p-actin (B and C) mRNA content 
in muscle samples of one animal. Bottom panels: densitometric analysis of the ratios of GLUT4/p-actin, TNF-a/p-actin, and PPAR-7/p-actin mRNA 
abundance normalized to arbitrary units. Bars represent the mean ± SE of six animals (*P < 0.05, **P < 0.001, ***/» < 0.0001 vs. saline plus 
heparin infusion). The GLUT4, TNF-a, and PPAR-7 mRNA levels did not change after saline plus heparin infusion. 
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FIG. 5. Leptin, UCP2, and UCP3 expression after 24 h of treatment with saline plus heparin (□) or Intralipid plus heparin (■) infusion in the 
visceral fat (v.a.t.) and red fiber-type muscle (muscle) of normal-weight rats. Top panels: representative autoradiograms showing Northern blot 
analysis of leptin (A), UCP2 (C), UCP3 (2>), and P-actin mRNA content in fat and muscle (except for leptin) samples of one animal. Bottom panels: 
densitometry analysis of the ratios of leptin/0-actin, UCP2/p-actin, and UCP3/p-actin mRNA abundance normalized to arbitrary units. B: 
Representative agarose gel showing RT-PCR analysis of leptin and p-actin mRNA content in muscle samples of one animal. Densitometric analysis 
of the ratios of leptin/p-actin mRNA abundance is not reported because in saline plus heparin-treated animals, muscle leptin is undetectable. Bars 
represent the mean ± SE of six animals (*P < 0.05, **P < 0.01, ***P < 0.0001 vs. saline infusion). The leptin, UCP2, and UCP3 mRNA levels did 
not change after saline plus heparin infusion. 



pocyte genes (35). Three different groups have recently 
demonstrated that PPAR-7 is required for adipogenesis in 
vivo (36-38), and Barroso et al. (39) have recently report- 
, ed that two loss-of-function PPAR-7 mutations are associ- 
ated with severe insulin resistance and type 2 diabetes in 
humans. Although such mutations are rare, the implication 
that PPAR-7 is required for normal insulin sensitivity at 
least in some individuals is an important advance. 

It can also be speculated that the high level of PPAR-7 
expression observed by us may confer some protection 
against the development of the skeletal muscle insulin 
resistance associated with increased circulating NEFA 
levels. This is consistent with the fact that thiazolidine- 
diones (TZDs) may improve insulin action in skeletal 
muscle by upregulating the expression of PPAR-7 (40). 
Furthermore, Kubota et al (37) demonstrated that, al- 
though apparently normal on a regular diet, mice that are 
heterozygous for PPAR-7 deficiency are partially resistant 
to high-fat diet-induced obesity and markedly resistant to 
the insulin resistance that normally accompanies such 
obesity. Both PPAR-7 overactivity due to TZD stimulation 
and PPAR-7 underactivity due to haploinsufficiency may 
protect against NEFA-induced insulin resistance. Lowell 
(41) suggested that PPAR-7 can be seen as a "thrifty gene" 
that promotes fat storage to survive starvation when food 
is scarce and produces excessive fat storage leading to 
disease when food is plentiful. The mechanism by means 
of which the TZD-mediated stimulation of PPAR-7 im- 
proves insulin resistance has not been definitively estab- 
lished (42), but it is probably related to the transcription 
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factor's ability to increase the number of small adipocytes 
by stimulating adipogenesis and to decrease the number 
of large adipocytes, which are known to produce excess 
amounts of TNF-a and free fatty acids. Although not 
affecting adipogenesis, PPAR-7 haploinsufficiency limits 
further adipocyte hypertrophy, possibly by increasing lep- 
tin expression. Kubota et al. (37) have reported that leptin 
mRNA and circulating protein levels are elevated in high 
fat-fed PPAR-7 +/ " mice, possibly because of a decrease in 
the PPAR-7-mediated inhibition of leptin gene expression. 

Under our experimental conditions, high levels of circu- 
lating NEFAs induced leptin expression in both fat and 
muscle and increased plasma leptin levels. We did not 
measure body composition (in particular body fat con- 
tent), but it seems unlikely that the rapid induction of 
leptin gene expression observed after Intralipid infusion 
was a consequence of an increase in fat mass. Although 
the effects of leptin on satiety are mainly due to its 
activation of hypothalamic receptors (43), there is also 
substantial evidence that leptin has important peripheral 
effects (44,45), including the stimulation of lipolysis with 
lipid oxidation in white fat pads ex vivo (46) and decreas- 
ing in vivo tissue triglyceride stores (47,48). It can therefore 
be hypothesized that, under our experimental conditions, 
leptin has an autocrine/paracrine function, i.e., it limits 
excess fat storage in adipose tissue. Furthermore, leptin 
mRNA, which is generally undetectable in the skeletal 
muscle of nonobese rodents (5,49), increased 24 h after an 
increase in plasma NEFA levels. In skeletal muscle, leptin 
may be important in the regulation of intermediate metab- 
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olism (particularly lipid oxidation and storage) (1,45,48), 
energy expenditure (50), and insulin signaling (51,52). 
Interestingly, it has been reported that, regardless of its 
effect on food intake, leptin leads to a marked improve- 
ment in insulin sensitivity and glucose disposal in a mouse 
model of lipodistrophy (53). Leptin expression in the fat 
and muscle of subjects with high circulating NEFA levels 
could therefore be involved in counterbalancing excessive 
fat accumulation and the development of insulin resis- 
tance. 

Finally, our data demonstrate that Intralipid infusion 
increased UCP2 and UCP3 mRNA in both adipose tissue 
and muscle. These findings are in line with the enhanced 
UCP2 gene expression in both tissues observed in obese 
subjects (54,55), whose circulating NEFA levels are com- 
monly high. It has been reported that PPAR-7 agonists in- 
duce UCP2 gene expression in adipocytes (56), and TNF-a 
administration increases UCP2 and UCP3 mRNA levels in 
rat skeletal muscle (57). This molecular event may be 
ultimately aimed at dissipating energy excess, but UCP2 
and UCP3 may also be involved in fatty acid metabolism in 
the case of a large supply of nutrients (55,58). 

In conclusion, our findings suggest that NEFAs are 
involved in the partitioning of calories to fat by modulating 
the expression of various genes: FAT/CD36, which en- 
hances fatty acid flux into adipocytes and muscle cells; 
GLUT4, which is differently affected in skeletal muscle and 
adipose tissue, thus favoring the preferential use of glu- 
cose for triglyceride synthesis; TNF-a, which probably 
plays a crucial role in the development of insulin resis- 
tance in skeletal muscle; PPAR-7, which promotes cell 
differentiation and fat storage and also modulates periph- 
eral insulin sensitivity; and leptin and UCPs, which control 
energy intake and dissipation. Although it is difficult with 
our experimental approach to attribute the effects seen on 
the mRNA levels only to elevated plasma NEFAs because 
also insulin, leptin, and triglyceride levels are increased, 
nevertheless, it seems possible to speculate that the above 
mechanisms during a high-fat diet may unbalance energy 
homeostasis and channel the fuels toward adipose tissue, 
thus leading to obesity. 
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Overnight Lowering of Free Fatty Acids With 
Acipimox Improves Insulin Resistance and 
Glucose Tolerance in Obese Diabetic and 
NondLabetic Subjects 

Ana T.M.G. Santomauro, Guenther Boden, Maria E.R. Silva, Dalva M. Rocha, Rosa F. Santos, 
Mileni J.M. Ursich, Paula G. Strassmann, and Bernardo L. Wajchenberg 



Obesity is commonly associated with elevated plasma 
free fatty acid (FFA) levels, as well as with insulin 
resistance and hyperinsulinemia, two important car- 
diovascular risk factors. What causes insulin resis- 
tance and hyperinsulinemia in obesity remains uncer- 
tain. Here, we have tested the hypothesis that FFAs are 
the link between obesity and insulin resistance/hyper- 
insulinemia and that, therefore, lowering of chroni- 
cally elevated plasma FFA levels would improve insulin 
resistance/hyperinsulinemia and glucose tolerance in 
obese nondiabetic and diabetic subjects. Acipimox 
(250 mg), a long-acting antilipolytic drug, or placebo 
was given overnight (at 7:00 p.m., 1:00 a.m., 7:00 a.m.) to 

9 lean control subjects, 13 obese nondiabetic subjects, 

10 obese subjects with impaired glucose tolerance, and 

11 patients with type 2 diabetes. Euglycemic-hyperin- 
sulinemic clamps and oral glucose tolerance tests (75 g) 
were performed on separate mornings after overnight 
Acipimox or placebo treatment. In the three obese 
study groups, Acipimox lowered fasting levels of plasma 
FFAs (by 60-70%) and plasma insulin (by -50%). 
Insulin-stimulated glucose uptake during euglycemic- 
hyperinsulinemic clamping was more than twofold 
higher after Acipimox than after placebo. Areas under 
the glucose and insulin curves during oral glucose tol- 
erance testing were both -30% lower after Acipimox 
administration than after placebo. We conclude that 
lowering of elevated plasma FFA levels can reduce 
insulin resistance/hyperinsulinemia and improve oral 
glucose tolerance in lean and obese nondiabetic sub- 
jects and in obese patients with type 2 diabetes. 
Diabetes 48:1836-1841, 1999 
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Obesity is commonly associated with insulin resis- 
tance and hyperinsulinemia (1,2), two important 
cardiovascular risk factors (3). The fact that 
insulin resistance and hyperinsulinemia increase 
with weight gain and decrease with weight loss (4-6) suggests 
that the two have a cause-and-effect relationship. It has 
recently been suggested that free fatty acids (FFAs) are the link 
between obesity and insulin resistance/hyperinsulinemia (7), 
based on evidence showing that plasma FFA levels are com- 
monly elevated in obesity (8,9) and that acute elevations of 
plasma FFA levels produce insulin resistance in healthy and dia- 
betic subjects (10-15). This alone does not prove, however, that 
the chronically elevated plasma FFAs are responsible for the 
insulin resistance in obese subjects. Causal links among 
insulin resistance, hyperinsulinemia, and FFAs might be more 
convincingly established by the demonstration that lowering 
of plasma FFAs also lowers insulin resistance and hyperinsu- 
linemia. So far, this has not been shown. Fulcher et aL (16) have 
failed to see a beneficial effect on insulin resistance of 
overnight lowering of plasma FFAs in patients with type 2 dia- 
betes. We were similarly unable to demonstrate a statistically 
significant reduction in insulin resistance after acutely lower- 
ing plasma FFAs for 6 h in four healthy volunteers (11). It 
appears likely, however, that these failures were caused by 
problems related to the experimental designs (low clamp 
insulin infusion rates in the Fulcher study, insufficient number 
of experiments in our study). It was, therefore, the first objec- 
tive of the present study to test the hypothesis that overnight 
lowering of plasma FFA concentrations with Acipimox, a long- 
acting antilipolytic drug, would reduce insulin resistance in 
obese subjects with varying degrees of insulin resistance. 

FFAs not only produce insulin resistance (10-15), but also 
stimulate insulin secretion (7). Hence, an improvement in 
insulin resistance produced by lowering of plasma FFAs may 
not necessarily result in an improvement in glucose tolerance, 
which depends primarily on the amount of insulin released in 
response to a glucose challenge and on target tissue sensitiv- 
ity to the released insulin. To our knowledge, there are 
presently no published data relating FFA-induced changes in 
insulin resistance to glucose tolerance. A second objective of 
this study was, therefore, to evaluate the relationship between 
FFA-induced changes in insulin resistance and secretion and 
oral glucose tolerance in the same obese subjects. 
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TABLE 1 


















Clinical characteristics of the study subjects 






















Race (n) 






Body surface 




Group 


Sex (F/M) 


Age (years) 


White 


Black 


Mulatto 


Weight (kg) 


area (m 2 ) 


BMI (kg/m 2 ) 


Lean nondiabetic 


7/2 


39.1 ±2.3 


5 


2 


2 


59.9 ± 2.2 


1.61 ± 0.4 


22.9 ± 0.26 


Obese nondiabetic 


10/3 


39.4 ± 1.3 


7 


3 


3 


83.8 ± 2.6* 


1.82 ± 0.03* 


34.1 ±0.8* 


Obese IGT 


8/2 


43.5 ± 1.6 


6 


2 


2 


81.6 ± 4.0* 


1.83 ± 0.06* 


32.3 ±1.1* 


Obese diabetic 


9/2 


43.6 ± 1.4 


6 


2 


3 


80.5 ± 3.9* 


1.79 ± 0.05* 


32.4 ± 1.0* 



Data are means ± SE or n. *P < 0.01 vs. lean nondiabetic control subjects. 



RESEARCH DESIGN AND METHODS 

Subjects. We have studied 9 healthy nonobese control subjects without a family 
history of diabetes, hypertension, dyslipidemia, or other known endocrine or 
metabolic disease and 34 obese subjects divided into three groups according to the 
degree of their glucose tolerance. Their clinical characteristics are shown in 
Table 1. There were no significant differences between the four groups with 
respect to age, sex, or race. Body weight and body surface area were significantly 
greater in the obese subjects than the lean control subjects (P < 0.01). The obese 
nondiabetic subjects with impaired glucose tolerance (IGT) and the patients with 
recently diagnosed type 2 diabetes had similar weights, body surface areas, and BMIs. 

Patients with clinically significant micro- or macrovascular complications 
and patients taking lipid-lowering agents or insulin were excluded. None of the 
volunteers had taken any drugs for at least 3 weeks before the study, and weight 
had been stable in all subjects for at least 3 months before the study All subjects 
consumed a diet containing at least 200 g of carbohydrate for 3 days before the 
study began. No subject participated in strenuous physical activity. This study was 
approved by the Ethical Committee of The Hospital das Clinicas, and all subjects 
gave written informed consent before participation. 

Study protocol. All study subjects ate a standard supper at -7:00 p.m. Acipimox, 
a potent long-acting antilipolytic nicotinic acid (NA) analog (17), or a placebo 
was administered in doses of 250 mg at 7:00 p.m. the night before and at 1:00 and 
7:00 a.m on the day of study. The sequence of placebo and Acipimox adminis- 
tration was randomized At 7:00 a.m. on the day of study, an intravenous cannula 
was inserted into an antecubital vein, which was kept open with a slow saline 
drip, and the arm was heated to 50°C in a Plexiglas box to arterialize the blood. 
A second cannula was inserted into a contralateral antecubital vein for infusion 
of insulin and glucose. After an equilibration period of 30 min, basal samples were 
collected for determination of plasma glucose, insulin, and FFA concentrations. 
Then, euglycemic-hyperinsulinemic clamps were performed by infusing insulin 
(Novolin R; Novo-Nordisk, Bagsvaerd, Denmark) for 180 min at a rate of 7pmol ■ 
kg" 1 ■ min -1 . Euglycemia (~5 mmol/1) was maintained with a variable-rate infu- 
sion of 50% glucose. Blood glucose levels were determined at 10-min intervals, 
and glucose infusion rates (GIRs) were adjusted as needed Urinary glucose excre- 
tion was measured during the clamps and used to correct calculation of periph- 
eral glucose uptake. 

On a different day, oral glucose tolerance tests were started at -7:00 A.M.; 75 g 
of glucose was administered as a 25% glucose solution over 15 min, and blood sam- 
ples were drawn at -45, -30, 0, 30, 60, 90, 120, and 180 min for measurement of 
plasma glucose, insulin, and FFA concentrations. 

Analytical methods. Carbohydrate and fat oxidation rates were determined by 
indirect calorimetry with a computerized flow-through canopy gas analyzer sys- 
tem (Deltatrac Metabolic Monitor; Datex, Helsinki, Finland). Rates of protein oxi- 
dation were calculated from urinary nitrogen (N) excretion. Rates of protein 
oxidation were used to determine the nonprotein respiratory quotient (npRQ) 
using the tables of Lusk, which are based on an npRQ of 0.707 for 100% fat oxi- 



dation and 1.00 for 100% carbohydrate oxidatioa It was assumed that for each 
gram of N excreted in the urine, 6.02 liters of were consumed and 4.75 liters 
of C0 2 were produced. 

Plasma and urine glucose concentrations were determined with the glucose 
oxidase method Plasma FFAs were measured by the method of Chromy et ai (18) 
as modified by Demacker et al (19). FFA measurements were corrected for 
background absorbance in hyperlipemic sera Plasma insulin was determined by 
radioimmu noassay with a double antibody, using a modification of the method of 
Desbuquois and Aurbach (20). The anti-insulin serum cross-reacted completely 
with proinsulin. 

Statistical analysis. All data are presented as means ± SE. Statistical compar- 
isons between placebo and Acipimox experiments were performed using paired 
Students t test, and a one-way analysis of variance was used for comparison of 
different groups of subjects. The incremental areas (above baseline) for glucose 
and insulin during the glucose tolerance tests were calculated using the trapezoidal 
rule. Correlations between variables were performed using least-squares regres- 
sion analysis. 

RESULTS 

Basal plasma FFA, insulin, and glucose levels. Basal 
data from all subjects undergoing oral glucose tolerance test- 
ing and hyperinsulinemic clamping were pooled and ana- 
lyzed together. 

After placebo treatment, basal (after an overnight fast) 
plasma FFA levels were significantly lower in the lean non- 
diabetic control subjects (329 ± 28 pmol/l) than in the three 
obese groups (560 ± 52, 566 ± 83, and 584 ± 39 pmol/l, respec- 
tively). After Acipimox administration, basal plasma FFA lev- 
els were 60.4 ± 3.0, 57.9 ± 4. 1, 56.5 ± 6.8, and 70.4 ± 3.4% lower 
than after placebo in lean control, obese nondiabetic, obese 
IGT, and obese diabetic subjects, respectively (Table 2). 

After placebo, basal insulin levels were significantly higher 
in obese IGT and diabetic subjects than in lean nondiabetic 
control subjects. After Acipimox administration, insulin lev- 
els were -50% lower than after placebo in all four groups 
(Table 2). 

After placebo, basal plasma glucose concentrations were 
moderately elevated in diabetic patients (6.8 ± 0.4 vs. 4.98 ± 
0.1 mmol/1, P < 0.01). After Acipimox, basal plasma glucose 
was lower than that after placebo in all groups (P < 0.01). This 



TABLE 2 

Effect of placebo and Acipimox treatment on basal plasma glucose, insulin, and FFAs 





Lean nondiabetic subjects Obese nondiabetic subjects 


Obese IGT subjects 


Obese diabetic subjects 




Placebo Acipimox Placebo 


Acipimox 


Placebo 


Acipimox 


Placebo Acipimox 


Glucose (mmol/1) 
Insulin (pmol/l) 
FFAs (pmol/l) 


4.98 ± 0.09 4.63 ± 0.09* 5.03 ± 0.07 
82 ± 10 38 ± 6* 96 ± 8 
329 ± 28 128 ± 13* 560 ± 52t 


4.70 ± 0.09* 
49 ± 7* 
221 ± 21* 


5.85 ± 0.24 
114 ± lit 
566 ± 83t 


5.09 ± 0.20* 

60 ± 11* 
242 ± 55* 


6.83 ± 0.441 5.78 ± 0.23* 
149 ± 20t 78 ± 10* 
584±39t 170 ±21* 



Data are means ± SE. *P < 0.01 for placebo vs. Acipimox; tP < 0.01, %P < 0.05 compared with lean control subjects. 
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TABLE 3 

Effect of placebo and Acipimox on basal carbohydrate and fat oxidation rates 



Group 


Carbohydrate oxidation 
(umol • irf 2 • min" 1 ) 


Fat oxidation 
(umol ■ m" 2 ■ min" 1 ) 


Placebo 


Acipimox 


Placebo 


Acipimox 


Lean nondiabetic 


373 ± 22.2 


568 ± 26* 


41 ±2 


22 ±3* 


Obese nondiabetic 


410 ± 36 


531 ±31* 


35 ±3 


26 ±3 


Obese IGT 


386 ± 36 


494 ± 26* 


34 ±3 


23 ±3* 


Obese diabetic 


424 ± 42 


565 ± 64* 


36 ±5 


26 ±4* 



Data are means ± SE. *P < 0.01 for placebo vs. Acipimox. 



decrease, although statistically significant, was small in the 
two nondiabetic groups (-0.4 mmol/1 or -7%), but larger in the 
diabetic subjects (-1.1 mmoM or -15%) (Table 2). 
Basal carbohydrate and fat. oxidation. After placebo, 
rates of carbohydrate oxidation and fat oxidation were sim- 
ilar in all four groups (Table 3). After Acipimox, fat oxidation 
was -50% lower and carbohydrate oxidation -50% higher 
than after placebo in the lean nondiabetic control subjects. 
In the three obese groups, fat oxidation was between 26-28% 
lower and carbohydrate oxidation was between 29-34% 
higher after Acipimox than after placebo. 
Euglycemic-hyperinsulinemic clamps. Plasma glucose 
concentrations were clamped at 5.0-5.6 mmol/1, and plasma 
insulin levels were increased to and maintained at 660-720 
pmol/1 in all studies (Fig. 1). 

After placebo, GIRs, reflecting insulin-stimulated glucose 
uptake (TSGU), were 50% lower in obese than in lean nondia- 
betic subjects (1.3 ± 0.06 vs. 2.6 ±0.1 mmol • m -2 • min -1 , P < 
0.001) and -70% lower in obese subjects with IGT or diabetes 
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FIG. 1. Plasma glucose, insulin, and FFA levels before and during 
euglycemic-hyperinsulinemic clamping in lean and obese nondiabetic 
subjects and in subjects with IGT and type 2 diabetes after overnight 
treatment with placebo or Acipimox {right). 



compared with lean nondiabetic control subjects (0.7 ± 0.1 or 
0.8 ± 0.1 vs. 2.6 ± 0.1 mmol • m" 2 * min" 1 , P < 0.001) (Fig. 2). 

After Acipimox administration, GIRs were higher than 
those after placebo treatment in lean control subjects (+23 
± 4%, P < 0.001) and obese nondiabetic (+131 ± 13%, P < 
0.0001), IGT (+111 ± 21% P < 0.001) and diabetic (+103 ± 27%, 
P < 0.001) subjects. 

There was a linear relationship between changes in GIR 
(GIR at 180 min - GIR at 0 min) and basal plasma FFAs, such 
that a decrease in FFAs by 100 umol/1 was associated with an 
increase in GIR of 0.31 mmol • rrf 2 • min" 1 in nondiabetic 
(lean and obese) subjects and of 0.12 mmol • m" 2 • min" 1 in 
obese subjects with IGT or type 2 diabetes (Fig. 3). In the cur- 
rent study, no glucose tracers were used, and, thus, true rates 
of glucose uptake could not be determined At the insulin lev- 
els attained during hyperinsulinemic clamp (600-700 pmol/1), 
endogenous glucose production was probably not completely 
suppressed, and, therefore, true rates of glucose uptake could 
have been 10-20% higher than the measured GIR. 
Oral glucose tolerance. Acipimox treatment lowered 
plasma glucose and insulin levels in all four groups (Fig. 4). 

Areas under the glucose curves (glucose AUC) decreased 
by a mean of 25, 29, 26, and 21%, respectively, while insulin 
AUC decreased by a mean of 42, 19, 41, and 26%, respec- 
tively, in lean control, obese nondiabetic, IGT, and diabetic 
subjects (Table 4). 
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FIG. 2. Rates of glucose infusion needed to maintain euglycemia dur- 
ing hyperinsulinemic clamping (GIR) in lean and obese nondiabetic 
subjects and in subjects with IGT and type 2 diabetes after overnight 
treatment with placebo (□) or Acipimox (■). Statistical analysis: 
*P < 0.001, **P < 0.0001 for placebo vs. Acipimox treatment; +P < 0.001 
compared with lean nondiabetic control subjects. 
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FIG. 3. Correlation between basal FFA levels after overnight treatment 
with placebo or Acipimox and GIR needed to maintain euglycemia after 
150 and 180 min of euglycemic-hyperinsulinemic clamping in lean and 
obese nondiabetic subjects and in subjects with IGT and type 2 dia- 
betes. 



In the IGT group, mean fasting and 2-h glucose concentra- 
tions decreased from 5.7 ± 0.2 and 8.8 ± 0.3 mmol/1, respec- 
tively, after placebo to 5.5 ± 0.2 and 7.4 ± 0.3 mmol/1, respec- 
tively, after Acipimox (P < 0.01). After placebo treatment, 3 of 
the 10 patients had fasting plasma glucose concentrations 
6.1-7.0 mmol/1 (110-126 mg/dl), and 8 had 2-h plasma glu- 
cose concentrations 7.8-11.1 mmol/1 (140-200 mg/dl). After 
Acipimox administration, only one patient had fasting plasma 
glucose concentrations 6.1-7.0 mmol/1 and only two had 2-h 
glucose concentrations 7.8-1 1. 1 mmol/1. Thus, according to the 
new American Diabetes Association guidelines (21) Acipi- 
mox improved glucose tolerance from impaired to normal in 
8 of 10 subjects. 

In the diabetic group, mean fasting and 2-h glucose con- 
centrations decreased from 6.9 ± 0.5 and 13.7 ± 0.7 mmol/1, 
respectively, after placebo to 5.8 ± 0.4 and 10.3 ±1.0 mmol/1, 
respectively, after Acipimox (P < 0.01). After placebo treat- 
ment, 3 of the 11 patients had fasting plasma glucose con- 
centrations >7.0 mmol/1 and 10 of 11 had 2-h glucose con- 
centrations >11.1 mmol/1. After Acipimox administration, all 
1 1 patients had fasting plasma glucose <7.0 mmol/1, and only 
4 had 2-h glucose concentrations >11. 1 mmol/1. Thus, Acipi- 
mox improved glucose tolerance from diabetic to impaired 
in 7 of 11 subjects. 

DISCUSSION 

Acipimox, FFAs, and insulin resistance. It was the main 
objective of this study to examine whether overnight lower- 
ing of plasma FFA levels with the potent long-acting NA ana- 
logue Acipimox could improve insulin resistance in obese sub- 
jects exhibiting a wide spectrum of insulin sensitivities rang- 
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FIG. 4. Plasma glucose (J^/t) and insulin (right) levels during oral 
glucose tolerance testing (75 g of glucose) after overnight treatment 
with placebo or Acipimox. 



ing from normal to diabetic. Plasma FFA levels were lowered 
effectively, as evidenced by the fact that at 7:00 A.M. on the day 
of study, i.e., 6 h after the last dose of Acipimox, and at a time 
when FFA breakthroughs were most likely to occur (17), 
plasma FFA concentrations were lower (by an average of 
-60%) than after placebo treatment in every one of the 43 
study subjects. The decrease in FFAs was associated with an 
increase in ISGU in all subjects (Fig. 2). Hie increase was rel- 
atively small (23 ± 4%) in the lean nondiabetic control sub- 
jects, in whom Acipimox produced only a modest decrease 
in plasma FFAs (from 329 ± 28 to 128 ± 13 umol/i). In contrast, 
in the three obese groups, Acipimox lowered plasma FFA lev- 
els from -600 to between 170 and 240 umol/1 and increased 
ISGU more than twofold. Lowering of basal plasma FFAs 
from an elevated to a normal concentration (instead of low- 
ering it to a very low concentration, as was done here) would 
presumably have had a lesser effect on ISGU. The 131% 
increase in ISGU was sufficient to normalize insulin sensitiv- 
ity in the obese nondiabetic subjects. This suggested that ele- 
vated plasma FFA levels had been responsible for most of 
their insulin resistance. On the other hand, in obese subjects 
with IGT or diabetes, doubling of ISGU was not sufficient to 
normalize their insulin sensitivity, which remained -50% below 
that of the lean nondiabetic control subjects. This suggested 
that elevated FFA levels were responsible for much, but not all, 
of the insulin resistance in type 2 diabetes, confirming previous 
findings from our laboratory (13). The relationship between 
basal plasma FFAs and GIR (at the end of the clamps) 
appeared to be linear for nondiabetic and diabetic subjects 
(Fig. 3). ISGU was zero (i.e., insulin resistance was maximal) 
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TABLE 4 

Effects of placebo and Acipimox on glucose and insulin during oral glucose tolerance tests 



Glucose AAUC (mmol • P 1 ■ rain" 1 ) Insulin AAUC (mmol • 1 1 - min x ) 



Group 


Placebo 


Acipimox 


P 


Placebo 


Acipimox 


P 


Lean nondiabetic 


214 ± 46 


157 ± 26 


0.12 


48.8 ± 4.3 


28.7 ±3.9 


<0.001 


Obese nondiabetic 


275 ± 30 


192 ± 24 


<0.02 


69.3 ± 10.2 


54.0 ± 7.0 


<0.03 


Obese IGT 


701 ± 28 


512 ±31 


<0.002 


87.5 ± 15.0 


52.3 ±9.1 


<0.001 


Obese diabetic 


1,017 ± 83 


785 ± 86 


<0.01 . 


62.4 ± 7.7 


44.5 ± 7.4 


<0.01 



Data are means ± SE of AAUC (total - basal AUG). 



at a plasma FFA level of ~ 1, 100 or ~ 1,300 pmol/l, respectively, 
and a decrease in plasma FFAs of 100 umol/1 resulted in a 9. 1 
or 7.7% reduction in insulin resistance, respectively, in non- 
diabetic subjects and in subjects with IGT or type 2 diabetes. 

The failure of Fulcher et al. (16) to observe significant 
improvement in ISGU after overnight Acipimox administra- 
tion in type 2 diabetic patients may have been, at least in part, 
due to their use of low clamp insulin infusion rates (0.25 mU • 
kg" 1 • min" 1 ). This produced only small increments in ISGU 
arid was likely to obscure an effect of FFAs on ISGU. Despite 
these methodological problems, however, their data (12) 
showed that ISGU increased from 99.6 ± 11 to 124 ± 18 mg • 
m" 2 • min" 1 after Acipimox, whereas there was no change 
after placebo (from 117.3 ± 9.1 to 117 ± 16 mg • m" 2 • min" 1 ). 
Thus, there was at least a trend toward improved insulin 
sensitivity with Acipimox, even though these differences 
may not have been statistically significant. 

It has been well established that acute elevations of plasma 
FFAs produce insulin resistance (10-15). In the present study, 
we have shown the opposite, namely, that lowering of plasma 
FFAs improved insulin resistance. It was assumed that Acip- 
imox exerted its effect on insulin resistance via lowering of 
plasma FFAs and not by direct, i.e., not FFA-related, action. 
This assumption is supported by the close correlation 
between plasma FFAs and ISGU (Fig. 3), by the observation 
of Vaag et al. (22) that Acipimox had no direct effect on basal 
glucose disposal, and by the report of Saloranta et al. (23) that 
Acipimox had no direct effect on hepatic glucose production. 
Confirming many previous reports, we found that lowering of 
plasma FFA concentrations was associated with a decrease in 
fat oxidation and an increase in carbohydrate oxidation (7). 
It should be pointed out, however, that decreasing carbohy- 
drate oxidation is not the mechanism by which FFAs inhibit 
ISGU. FFAs cause insulin resistance through inhibition of 
insulin-stimulated glucose transport and/or phosphorylation, 
as well as by inhibition of glycogen synthesis, processes that 
require 3-6 h to develop ( 10, 1 1). FFA-induced inhibition of car- 
bohydrate oxidation, on the other hand, develops almost 
instantaneously but does not interfere with ISGU for several 
hours (10). The molecular/biochemical events leading to 
FFA-induced insulin resistance remain unknown. It has 
recently been proposed that FFA activation of the hex- 
osamine pathway may play a role in the pathogenesis of 
insulin resistance (24). This work, however, was performed 
with rats and needs to be confirmed in human subjects. 
FFAs and oral glucose tolerance. Glucose tolerance is a 
complex process in which the amount of insulin secreted in 
response to the rising plasma glucose levels and peripheral 
and hepatic insulin sensitivity play major roles. In the current 



study, lowering of plasma FFAs with Acipimox reduced 
insulin levels (insulin AUC) and glucose levels (glucose 
AUC) both by -30% during the oral glucose tolerance tests. 
This indicated that the Acipimox-mediated improvement in 
insulin sensitivity (-100% during the clamps) was greater 
than the Acipimox-induced decrease in plasma insulin levels. 
As a result, 8 of 10 obese subjects with IGT improved to nor- 
mal glucose tolerance after Acipimox treatment, whereas 7 
of 11 obese subjects with type 2 diabetes improved to IGT. 
Fasting plasma insulin and glucose. Fasting plasma 
insulin levels were -50% lower after Acipimox administration 
than after placebo in all four study groups. We have recently 
reported a slightly smaller decrease (-30%) in basal plasma 
insulin after plasma FFA levels were acutely decreased with 
NA (25). Taken together, the data suggest that plasma FFAs 
can support up to almost one-half of basal insulin levels. 

Fasting plasma glucose also decreased slightly but signifi- 
cantly in all four groups after Acipimox administration, from 
-7% in lean and obese nondiabetic subjects to -15% in obese 
patients with IGT or mild type 2 diabetes. Fulcher et al (16), 
using the same protocol, also found a -15% decrease in fast- 
ing plasma glucose in eight obese patients with mild type 2 
diabetes. Similarly, Worm et al. (26) reported a decrease in 
blood glucose after 3 days of treatment with Acipimox. Oth- 
ers, however, found no effect of Acipimox on blood glucose 
(22,27-29). These discrepant results are not surprising. Fast- 
ing plasma glucose concentrations are primarily determined 
by the rate of endogenous glucose production (30). A fall in 
plasma FFAs can be expected to result in a decrease in the 
rate of gluconeogenesis. This decrease, however, is more or 
less compensated for by an increase in the rate of glycogenol- 
ysis (31), via a process known as hepatic autoregulation (32). 
Hence, whether Acipimox will lower blood sugar or not 
probably depends to a large extent on the hepatic glycogen 
content. If liver glycogen is low, during fasting, for instance, 
glycogenolysis will be unable to balance the decrease in glu- 
coneogenesis, and the blood sugar will fall (31,32). 
Summary and clinical relevance. NA is an excellent lipid- 
lowering agent (33). Its use in diabetic patients, however, is 
not recommended because NA frequently causes deteriora- 
tion of glucose tolerance (34) . This is probably due to the short 
half-life of NA, which produces frequent breakthrough FFA 
rebounding (17). Acipimox, like NA, lowers lipids effectively, 
but unlike NA, it is longer acting and therefore much less 
prone to produce FFA rebounding (17). In fact, none of the 
43 subjects in this study had a demonstrable FFA rebound 
within 6 h after the last Acipimox dose. Lowering of overnight 
plasma FFA levels with Acipimox markedly improved insulin 
resistance, oral glucose tolerance, and basal insulin levels in 
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obese subjects, regardless of the degree of their preexisting 
insulin resistance. These findings add to a growing body of evi- 
dence showing that elevated plasma FFA levels are an impor- 
tant link between obesity and insulin resistance (25,35). Nev- 
ertheless, more and longer studies are needed to demon- 
strate that long-term inhibition of lipolysis is feasible and 
effective in the treatment of type 2 diabetes, a disease that is 
characterized by insulin resistance, dyslipidemia, and a two- 
to fivefold increase in cardiovascular mortality. 
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Fatty acid transport protein (FATP), a plasma mem- 
brane protein implicated in controlling adipocyte trans- 
membrane fatty acid flux, is up-regulated as a conse- 
quence of adipocyte differentiation and down-regulated 
by insulin. Based upon the sequence of the FATP gene 
upstream region (Hui, T. Y., Frohnert, B. I., Smith, A. J., 
Schaffer, J. A., and Bernlohr, D. A. (1998) J. Biol Chem. 
273, 27420-27429) a putative peroxisome proliferator- 
activated receptor response element (PPRE) is present 
from -458 to -474. To determine whether the FATP 
PPRE was functional, and responded to lipid activators, 
transient transfection of FATP-luciferase reporter con- 
structs into CV-1 and 3T3-L1 cells was carried out. In 
CV-1 cells, FATP-luciferase activity was up-regulated 4- 
and 5.5-fold, respectively, by PPARa and PPARy in the 
presence of their respective activators in a PPRE-de- 
pendent mechanism. PPARS, however, was unable to 
mediate transcriptional activation under any condition. 
In 3T3-L1 cells, the PPRE conferred a small but signifi- 
cant increase in expression in preadipocytes, as well as 
a more robust up-regulation of FATP expression in adi- 
pocytes. Furthermore, the PPRE conferred the ability 
for luciferase expression to be up-regulated by activa- 
tors of both PPARy and retinoid X receptor a (RXRa) in 
a synergistic manner. PPARa and PPARS activators did 
not up-regulate FATP expression in 3T3-L1 adipocytes, 
however, suggesting that these two subtypes do not play 
a significant role in differentiation-dependent activa- 
tion in fat cells. Electromobility shift assays showed that 
all three PPAR subtypes were able to bind specifically to 
the PPRE as heterodimers with RXRa. Nuclear extracts 
from 3T3-L1 adipocytes also showed a specific gel-shift 
complex with the FATP PPRE. To correlate the expres- 
sion of FATP to its physiological function, treatment of 
3T3-L1 adipocytes with PPARy and RXRa activators re- 
sulted in an increased uptake of oleate. Moreover, lino- 
leic acid, a physiological ligand, up-regulated FATP ex- 
pression 2-fold in a PPRE-dependent manner. These 
results demonstrate that the FATP gene possesses a 
functional PPRE and is up-regulated by activators of 
PPARa and PPARy, thereby linking the activity of the 
protein to the expression of its gene. Moreover, these 
results have implications for the mechanism by which 
certain PPARy activators such as the antidiabetic thia- 
zolidinedione drugs affect adipose lipid metabolism. 
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Obesity, defined as an excessive accumulation of body fat, 
has become an increasingly common health concern in indus- 
trialized societies. Excessive adiposity has been linked to the 
pathogenesis of many diseases, including type 2 diabetes mel- 
litus, coronary artery disease, and hypertension. The increased 
awareness of the detrimental effects of obesity contributes to 
the search for a greater understanding of the molecular mech- 
anisms controlling the accumulation of adipose tissue and its 
metabolism. 

A central issue in the function of fat tissue is the method by 
which adipocytes take up and release fatty acids. This process 
has been the source of considerable debate (1-3). Because free 
fatty acids are hydrophobic, they freely crossed membranes by 
passive diffusion. However, studies in adipocytes, hepatocytes, 
jejunal enterocytes, skeletal muscle, and heart myocytes sup- 
port a saturable, protein-mediated mechanism for fatty acid 
transport (4-8). Thus far, five putative mammalian fatty acid 
transporters have been identified: fatty acid-binding protein 
(plasma membrane) (9), 56-kDa renal fatty acid-binding pro- 
tein (10), caveolin (11), fatty acid translocase (12), and fatty 
acid transport protein (FATP) 1 (13). FATP is an integral 
plasma membrane protein with four to six predicted mem- 
brane-spanning regions with the highest levels found in skel- 
etal muscle, heart, and fat with lower levels in brain, kidney, 
lung, and liver. Although FATP mRNA is present at low levels 
in 3T3-L1 preadipocytes, it is up-regulated 5-7-fold as a con- 
sequence of adipose conversion (13, 14). This increase is con- 
sistent with the increase in oleic acid uptake shown during 
preadipocyte differentiation (15). 

The differentiation of adipose precursor cells into adipocytes 
has been shown to be mediated by three groups of transcription 
factors: peroxisome proliferator-activated receptor y (PPARy 1 
and 2) the CCAATT enhancer-binding proteins (C/EBP), and 
the sterol-response element binding proteins (SREBP or 
ADD1) (16). The importance of PPARs for the development and 
maintenance of the adipocyte phenotype can be more directly 
shown by the existence of peroxisome proliferator response 
elements (PPREs) in the promoters of several genes whose 
protein products are critical for lipid metabolism and the de- 
velopment of the adipocyte phenotype such as lipoprotein 
lipase, phosphoenolpyruvate carboxykinase, acyl-CoA synthe- 
tase, malic enzyme, and adipocyte lipid-binding protein (ALBP 
or aP2) (16-21). 

PPARs constitute a subfamily of the steroid hormone recep- 
tor superfamily. PPARa is predominantly expressed in liver, 
heart, kidney, and adipose tissue, whereas PPARS (also known 
as NUC1 or FAAR) shows a similar expression, with the ex- 



1 The abbreviations used are: FATP, fatty acid transport protein; 
DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; 
PPRE, peroxisome proliferator response element; PPAR, peroxisome 
proliferator-activated receptor; Me 2 SO, dimethyl sulfoxide; BSA, bovine 
serum albumin; RXR, retinoid X receptor. 
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ception of low levels in liver (22-25). Two isoforms of mouse 
PPAKy have been cloned, yl (22, 24, 26) and y2 (19), which are 
transcribed from the same gene and alternatively spliced (27, 
28). PPARyl is expressed in liver, heart, and kidney, similar to 
PPARa, whereas PPAR-/2 is primarily expressed in adipose 
tissue (29). The two PPARy isoforms do not appear to differ 
significantly in ligand binding affinities, ability to bind DNA 
response elements, or ability to activate transcription. The 
critical difference identified, thus far, is the distribution of 
expression. 

FATP expression has been shown to be up-regulated in 
mouse liver by PPARa activators and in white adipose tissues 
by activators of PPARy (30, 31). This evidence, together with 
the differentiation-dependent regulation of FATP in 3T3-L1 
adipocytes, led us to investigate the upstream region of the 
recently cloned FATP gene (32) for a possible PPRE and to 
examine the role of the various PPAR subtypes in FATP ex- 
pression. In this report we detail the regulation of the FATP 
gene, the identification of a functional PPRE, and its up-regu- 
lation by PPARa and PPAR7 agonists. 

EXPERIMENTAL PROCEDURES 

Materials— Troglitazone and Delta Selective C were gifts from Alan 
Saltiel (Parke-Davis) and David E. Moller (Merck). WY14643 was pur- 
chased from Cayman Chemical. Linoleic acid and 9-cts-retinoic acid 
were purchased from Biomol. Expression plasmids prPPARa, pSG5- 
FAAR (PPARS), pBS-PPARy2, and pRS-hRXRa were provided by Drs. 
Donald Jump, Paul A. Grimaldi, Bruce M. Spiegelman, David J. Man- 
gelsdorf, and Ronald M. Evans, respectively. 

Plasmid Constructs — Polymerase chain reaction was used to intro- 
duce Nhel sites into the upstream sequence of FATP. Reporter con- 
structs pNHll (-971/+84), pNH13 (-556/4-84), and pNH15 (-160/ 
+84) were constructed by ligating varying lengths of FATP upstream 
sequence into the Nhel and HmdIII sites of the pGL3-Basic luciferase 
expression vector (Promega). Construct pNH13AP was generated by 
single-stranded mutagenesis of construct pNH13 using the Muta-Gene 
in vitro mutagenesis kit (Bio-Rad, Hercules, CA) and the oligonucleo- 
tide: 5'-CTGGAACATCTCCTGAGTACTTCCTCCTCTCCC-3 ' . Sequence 
fidelity and the introduced mutation were verified by sequencing. The 
PPARy2 expression construct, pAH215, was made by cutting pBS- 
PPAR72 with Kpnl and Xbal and ligating into pCDNA3.1 (Promega). 
The expression construct for RXRa, pAH232, was subcloned from pRS- 
hRXRa into the EcoKl site of pCDNA3.1. 

Cell Culture and Transfection—CV-1 cells were cultured in DMEM 
with 10% fetal bovine serum (FBS) until the day prior to transfection 
experiments, when the cells were plated in phenol red-free DMEM and 
10% charcoal-treated FBS. CV-1 cells were transiently transfected us- 
ing the calcium-phosphate method as described previously (33, 34). 
Briefly, each well of a 12-well culture plate was transfected with 1 /Ag of 
firefly (Photinus pyralis) luciferase reporter construct with or without 
0.5 /ig of expression plasmid for mouse PPAR-y2, rat PPARa, or mouse 
PPARS. 20 ng of pRL-SV40 (Promega), a vector containing a sea pansy 
{Renilla reniformis) luciferase gene driven by an SV40 promoter, was 
cotransfected into each well as a transfection control. After approxi- 
mately 20 h, the calcium phosphate/DNA precipitate was removed by 
washing three times with phosphate-buffered saline. Cells were then 
refed and treated for 48 h with either the appropriate PPAR activator or 
its vehicle, dimethyl sulfoxide (Me 2 S0). 

3T3-L1 preadipocytes were grown to confluence and induced to dif- 
ferentiate to adipocytes as described previously(35). Briefly, preadipo- 
cytes were cultured in DMEM and 10% calf serum. Two days after 
reaching confluence, cells were differentiated by treatment with 174 nM 
insulin, 0.5 mM methylisobutylxanthine, and 0.25 /xM dexamethasone in 
DMEM containing 10% FBS. Cells were treated for an additional 2 days 
with insulin and maintained in DMEM with 10% FBS until they are 
fully mature adipocytes at day 8. 

Transient transfection of 3T3-L1 preadipocytes was performed by 
calcium phosphate precipitation as described above. Each well was 
transfected with 1 /Ag of firefly luciferase reporter construct and 10 ng 
of pRL-SV40 control vector. In the first set of transfections, cells were 
maintained in DMEM containing 10% calf serum until transfection 
mixture was washed off of cells. Cells were then treated with either 
linoleic acid or ethanol for 24 h in serum-free DMEM. For the second set 
of preadipocyte transfections, cells were maintained in DMEM with 



-600 ATGAGGGGTC AAGAGCCCTA AACCTAAGCC TAAGAGCTTA AACTTAGCAC 
-550 TCTATAAACT AGGAGAAGGG GGGGGGGGCG CGAAGAAAGA GGAAGGGAGT 
-500 AGAGGGCAOG AGCTGGGGAG AGGAGG AAGT GGGGCAAAGG GCA CAGGAGA 
-450 TGTTCCAGGA ACATCGAAAC AGGAGGAGGC AGTGAGCAAG TAGGAGGGCA 
-400 GGCAGCAGGG CTGAATCCCA GCTGGGGGGG ACGGCTCCAG CATTCAGTGT 
•350 CTTTACCTGT AAAACTGGGG TAGAGGGGGA GAGGGCTGGT CTAGAGGGTT 
-300 CTTGTTGAOC CCTGGCTGGC TGGGOCGAGA TCTTCATCAC CACCACCACC 
-250 CCCATCCCAA CCAOCTCTCT GAGACCAATG GCAGCTTCGG GTGGGGGTGG 
-200 GGCCGCACTT GCCCAACCTT GGCCTTCGAG TGGCGCTGGA AACAGGCCCT 
-150 GGCTGGCTTC TTCGCAAGGA GAACTGTGGG AAGGTOGGCC AAGCGGGACA 
-100 GAAAACAAAC TAATCCCCAG GGTGGGCAGG GGGGCGTGGG AGGGTGGTTG 
-50 GGAGGGAGGG ACAGGGTAGA GGCACTCAGG GGCGCTCTGA GAAACCCCCA 
+1 GGACTCTTCA 

Fig. 1. Upstream sequence of the FATP gene. The putative PPRE 
is double underlined. 

10% calf serum for the duration of the experiments. After washing 
transfection mixture from cells, they were treated with either a PPAR 
activator or its vehicle (Me 2 SO) for 48 h. 

3T3-L1 adipocytes grown in 12-well culture plates were transiently 
transfected as described previously (32) with 500 ng of firefly luciferase 
construct and 20 ng of pRL-SV40 control vector per well. Briefly, DNA 
in DMEM was complexed with LipofectAMINE (Life Technologies, Inc.) 
at the ratio of 1:8 (w/v) for 45 min before addition to the cells. After 4 h, 
an equal volume of 20% fetal bovine serum in DMEM was added. The 
transfection mixture was removed after 20 h. The cells were then refed 
with DMEM containing 10% FBS and treated with either PPAR acti- 
vator or vehicle for 48 h. 

All transiently transfected cells were washed two times with phos- 
phate-buffered saline, lysed, and luciferase activities were determined 
using the Dual Luciferase Reporter Assay System (Promega) according 
to the manufacturer's protocol. Firefly luciferase activities were nor- 
malized to sea pansy luciferase activities to adjust for transfection 
efficiency. Activities were also normalized to the promoterless reporter 
construct, pGL3-Basic. 

In Vitro Transcription I Translation — cDNAs for rPPARa, mPPARy2, 
mPPARS, and hRXRa were transcribed and translated in vitro from the 
plasmids prPPARa, pAH215, pSG5-FAAR, and pAH232, respectively. 
The TNT Coupled Reticulocyte Lysate System (Promega) was used 
according to the manufacturer's instructions. The following expression 
plasmids were used prPPARa, pSG5-FAAR (PPARS), pAH215, and 
pAH232. Translation products were verified by SDS-polyacrylamide gel 
electrophoresis. 

Gel Electromobility Shift Assays — Nuclear extracts were prepared 
from day 9 3T3-L1 adipocytes essentially as described previously (36). 
To study the binding of nuclear hormone receptors to the putative 
PPRE, a double-stranded oligonucleotide, PPREwt, spanning nucleo- 
tides -482 to -453 of the FATP upstream sequence was 32 P-labeled 
with polynucleotide kinase (Promega). A 15-/a1 reaction containing and 
0.5 ng of PPRE probe and 9 /Ag of nuclear extract or 0.5-1 /ml of in vitro 
translation reaction was incubated for 20 min at 25 °C and 15 min at 
4 °C in a buffer containing 20 mM HEPES (pH 8), 60 mM KC1, 1 mM 
dithiothreitol, 10% glycerol, and 2 /Ag poly(dl-dC). The DNA-protein 
complexes were resolved from the free probe by electrophoresis at 4 °C 
on a 4% polyacrylamide gel in 0.5 X TBE buffer (1 X TBE = 9 mM Tris, 
90 mM boric acid, 20 mM EDTA) (pH 8). Double-stranded oligonucleo- 
tides composed of the following sequences were used for competition 
analysis: PPREwt, 5 ' -GATCTAGAGG AGG AAGTGGGGCAAAGGGC A- 
CAGGA-3'; PPREmut, 5 ' -GATCTAGAGG AG GAAGTGGGGCtAtcGGC- 
ACAGGA-3. PPRE sequence is underlined. Mutated bases are shown in 
lowercase letters. 

Fatty Acid Uptake — 3T3-L1 adipocytes between days 7 and 9 were 
treated for 4 days with either 20 /am troglitazone and 1 /am 9-cts- 
retinoic acid or their carrier, Me 2 SO. The adipocytes were then as- 
sayed for uptake of oleate essentially as described previously (37). 
Briefly, cells were first preincubated for 2-4 h in serum-free DMEM 
and then for 10-30 min at 25 °C in Krebs-Ringer phosphate solution 
with 2 mM glucose. Oleate uptake was measured at 25 °C by incubat- 
ing cells in a 100 /am, 1:1 oleate: BS A mixture, which contained trace 
[ 3 Hloleate (approximately 12,000 dpm/nmol). At various time points, 
uptake was terminated by aspirating the oleate: BSA mixture from 
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Table I 

Comparison of identified PPRE sequences 
Consensus sequence derived from listed PPREs. Uppercase letters denote most conserved base(s); lowercase letters indicate a less conserved 
alternative. HMG, hydroxymethylglutaryl; PEPCK, phosphoenolpyruvate carboxykinase. , 
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Fig. 2. Construct map of the lucif erase reporter constructs 
used in transfection assays. Constructs contain various portions of 
FATP upstream sequence, as indicated. The putative PPRE is denoted 
by a shaded box. 



the cells and washing three times with ice-cold phosphate -buffered 
saline containing 0.1% albumin and 200 /am phloretin. Cell lysate was 
then quantitated for radioactivity using a Beckman 3801 liquid scin- 
tillation counter. 

RESULTS 

The Mouse Fatty Acid Transport Protein Gene Contains a 
Functional PPRE — Previous studies of FATP regulation in 
mice indicated that transcription was activated in both liver 
and white adipose tissue by treatment of mice with activators 
of PPARa or PPARy, respectively (30, 31). Furthermore, 
FATP expression was observed to be up -regulated during 
adipose differentiation, a process known to be mediated in 
part by PPAR? (14). The upstream sequence of the recently 
cloned FATP gene (32) was therefore examined for a possible 
PPRE. A putative PPRE was identified, which is similar to 
the consensus sequence proposed by Palmer et al. (38) (Fig. 1, 
Table I). 

In order to determine whether the putative PPRE identified 
in the FATP upstream sequence was able to mediate transcrip- 
tional activation, portions of the FATP 5 '-flanking sequence 
were tested for their ability to mediate PPAR-activated tran- 
scription of a reporter gene. Four luciferase reporter constructs 
were made, each containing portions of the FATP 5 '-flanking 
region linked to a promoterless firefly luciferase gene. Two of 
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Fig. 3. Activation of FATP expression in 3T3-L1 preadipocytes 
by linoleic acid. 3T3-L1 preadipocytes were transfected with the 
reporter constructs pNH13 and pNH13AP, as well as the control con- 
struct, pGL3-Basic. The cells were then treated for 24 h in serum-free 
medium with either vehicle (EtOH) or 100 jiM linoleic acid. Asterisks 
indicate statistical difference from activity of the control -treated con- 
struct (** = p < 0.005). 



these plasmids, pNHll and pNH13, contained the putative 
PPRE sequence, while the other two, pNH13AP and pNH15 did 
not (Fig. 2). 

In the first set of experiments, two of these constructs, 
pNH13 and pNH13AP, as well as the promoterless pGL3-Basic 
control construct, were transfected into 3T3-L1 preadipocytes. 
Following transfection, the cells were maintained for 24 h in 
serum-free media and treated with 100 /ulm linoleic acid or its 
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Fig. 4. The putative PPRE confers selective responsiveness to PPAR-mediated activation. Reporter constructs were cotransfected with 
or without an expression vector for PPAR y (A), PPAR a (£), or PPAR 5 (C) and treated for 48 h with activator or vehicle (Me 2 S0 (DMSO)). 
Activators were 20 jiM Troglitazone, 10 jxM WY14643, or 40 nM Delta Selective C, respectively. Normalized luciferase activities are shown as 
mean ± S.E. (n = 4) and are expressed as -fold induction relative to the activity in the absence of expression vectors and activators. Asterisks 
indicate statistical difference from activity of the reporter construct alone (* = p < 0.05, ** = p < 0.005). 



carrier, ethanol. This experiment was performed in the absence 
of serum, since serum albumin binds fatty acids, leaving low 
levels of available fatty acid activator. Linoleic acid treatment 
activated transcription of the PPRE -containing construct ap- 
proximately 2-fold over control- treated cells (Fig. 3), but did not 
affect transcription of the PPRE-deletion construct. Similar 
results were seen in transfection of 3T3-L1 adipocytes (data not 
shown). These experiments indicated that the putative PPRE 
identified in the FATP upstream sequence was indeed functional. 
To further characterize the responsiveness of this PPRE to 



the various PPAR subtypes, all four reporter constructs were 
transfected into CV-1 cells and assayed for luciferase activity in 
the presence and absence of various PPARs and their activa- 
tors. The activators used were troglitazone, a thiazolidinedione 
(PPAR7 activator); WY14643, a fibrate drug (PPARa activa- 
tor); and the PPARS activator, Delta Selective C. As shown in 
Fig. 4A, cells transfected with PPAR7 and treated with trogli- 
tazone demonstrated a 5.5-fold increase in transcription of the 
PPRE-containing reporter constructs. PPARy alone was able to 
activate transcription approximately 3-fold. PPARa was also 
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Fig. 5. Activation of FATP expression by endogenous PPARs 
in preadipocytes and adipocytes. 3T3-L1 preadipocytes and adipo- 
cytes were transfected with the reporter constructs pNH13 and 
pNH13AP as well as the control construct, pGL3-Basic. The cells were 
then treated with either vehicle or PPAR activators: 20 troglitazone, 
10 (jlm. WY14643, or 40 nM Delta Selective C. Luciferase activities were 
normalized to pGL3-Basic and are shown as mean ± S.E. (n - 4). 
Asterisks indicate statistical difference between pNH13 and pNH13AP 
expression (* = p < 0.05, ** = p < 0.005). 



120 



> 

I 

CD 
W 

2 

£ 
o 

3 
-J 



100- 



m DMSO 
ES3 Troglitazone 
CD RetlnoicAcid 
■H Trog./ R.A. 




pGL3-Basic 



pNH13 



PNH13AP 



Fig. 6. Synergistic activation of FATP expression in 3T3-L1 
adipocytes by PPAR and RXRa activators. 3T3-L1 preadipocytes 
and adipocytes were transfected with the reporter constructs pNH13 
and pNH13AP as well as the control construct, pGL3-Basic. These cells 
were then treated with the PPARy activator, troglitazone (20 jum), and 
the RXRa activator, 9-cis-retinoic acid (1 /am). Luciferase activities were 
normalized to pGL3-Basic and are shown as mean ± S.E. (n = 4). 
Asterisks indicate statistical difference from control-treated reporter 
construct (** = p < 0.005). 



able to activate transcription in the PPRE-containing con- 
structs, albeit to a lesser extent; transcription was increased 4- 
and 2-fold in the presence and absence of activator, respectively 
(Fig. 4B). Finally, the PPARS subtype was unable to positively 
regulate transcription of any of the reporter constructs, regard- 
less of activator treatment (Fig. AC). Deletion of the PPRE 
rendered the promoter unresponsive to any PPAR or agonist 
combination. 

PPRE Involved in Differentiation-dependent Regulation of 
FATP— In order to determine the role of the FATP PPRE in the 
process of its gene regulation during the process of adipose 
differentiation, the luciferase reporter constructs were intro- 
duced into both 3T3-L1 preadipocytes as well as mature adipo- 
cytes. These experiments relied upon endogenous PPARs to 
mediate transcriptional activation. Cells were also treated with 
activators of the various PPAR subtypes to determine whether 
transcription could be further increased. In preadipocytes, 
which contain low levels of PPARy as well as PPARS, the PPRE 
containing construct, pNH13, was expressed at about 1.6-fold 
the level of the PPRE-deletion construct, pNH13AP, when both 
were treated with Me 2 S0. Treatment with troglitazone had a 
small, but not statistically significant, effect on pNH13 expres- 
sion. In adipocytes, the PPRE-containing construct was ex- 
pressed at levels 5-fold higher than the PPRE-deletion con- 
struct (Fig. 5). Furthermore, troglitazone treatment resulted in 
a further 3-fold increase in expression. Neither WY14643 nor 
Delta Selective C caused any significant change in luciferase 
expression in either preadipocytes or adipocytes. 

Synergistic Activation by PPARy and RXRa Activators — 
Issemann et at. (39) showed that the RXR ligand, 9-cis-reti- 
noic acid enhances PPAR action. To determine whether 
RXRa activation affected PPARy-dependent transactivation, 
3T3-L1 adipocytes were treated with either troglitazone, 
9-cis- retinoic acid, or both. Retinoic acid did not significantly 
affect transcription by itself; however, when added to cells in 
conjunction with troglitazone, it was able to produce an al- 
most 2-fold increase in activity above that produced by tro- 



glitazone alone (Fig. 6). This result demonstrates the syner- 
gistic activation of the FATP gene in response to activation of 
both PPARy and RXRa. 

PPARs and RXRa Bind as Heterodimers to the FATP 
PPRE— In order to determine whether PPARs bind to the 
PPRE as heterodimers with RXRa, gel mobility shift assays 
were performed with a double-stranded oligonucleotide con- 
taining the FATP PPRE (Fig. 7A). The double-stranded probe, 
PPREwt, was end-labeled with 32 P and incubated with in vitro 
translated protein as well as 3T3-L1 nuclear extract. As shown 
in Fig. 7B, neither PPARs nor RXRa alone could bind to the 
PPRE; however, all three PPAR subtypes were able to bind as 
heterodimers with RXRa to the probe. Furthermore, nuclear 
proteins from 3T3-L1 adipocytes were able to form an in vitro 
complex with the PPRE (Fig. 7C). In order to test the specificity 
of the protein-DNA interactions, an excess of unlabeled oligo- 
nucleotide (PPREwt) was added to the reactions. The unlabeled 
oligonucleotide was able to compete for binding of all three 
PPAR-RXRa-DNA complexes, as well as the nuclear protein- 
DNA complex. The introduction of 3-base pair substitutions 
(Fig. 7A) produced an oligonucleotide, PPREmut, which was no 
longer able to significantly compete for protein binding. 

PPARy and RXRa Activators Cause an Increase in Oleate 
Uptake— Finally, in order to correlate PPAR-mediated tran- 
scriptional activation with putative in vitro protein function, 
fatty acid uptake was analyzed in 3T3-L1 adipocytes. 3T3-L1 
adipocytes were treated for 4 days with either troglitazone and 
retinoic acid or their carrier Me 2 SO. Cells were then incubated 
with t 3 H]oleate:BSA mixture (1:1), washed, lysed at various 
time points, and assayed for radioactivity. As shown in Fig. 8, 
treatment with the activators of PPARy and RXRa resulted in 
a significant increase in oleate uptake. This result is consistent 
with the up-regulation of FATP transcription by troglitazone 
and 9-cts-retinoic acid, as shown by the previously described 
transfection studies, and correlates well with the increase in 
FATP mRNA expression upon treatment of 3T3-L1 adipocytes 
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PPREwt OATCTAGAGGAGG AAOT GGQQCA A AQQGCA CAGGA 



Fig. 7. PPARs and RXRa bind as 
heterodimers to the FATP PPRE. A, 

sequences of oligonucleotides used in gel- 
shift studies. PPRE sequence is under- 
lined; mutated bases are in lowercase. B, 
the double-stranded probe, PPREwt, was 
end-labeled with 32 P and incubated with 
in vitro translated PPARs and RXRa. The 
competitors PPREwt and PPREmut were 
used in 20- and 100-fold molar excess. 
Protein-DNA complexes were analyzed by 
electrophoretic mobility shift assay. C, la- 
beled PPREwt probe was incubated with 
3T3-L1 adipocyte nuclear extracts with or ' 
without competitor. Competitors PPREwt, 
PPREmut, and NS (a nonspecific compet- 
itor oligonucleotide) were added in 20-, 
50-, and 200-fold molar excess. 
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with the PPARy agonist BRL49653, as shown by Martin et aL 
(30). 

DISCUSSION 

The critical role of PPARs in the regulation of lipid metabo- 
lism has become increasingly apparent. Many genes whose 
products take part in some aspect of fatty acid catabolism, 
synthesis, or trafficking have been shown to contain functional 
PPREs (Table I). FATP, which has been argued to play a role 
fatty acid uptake, is a likely candidate for regulation by this 
group of nuclear hormone receptors. Indeed, two previous stud- 
ies have shown that treatment of various cell types with PPAR 
activators leads to an increase in FATP mRNA levels (30, 31). 
In this paper we have identified a sequence in the 5' region of 
the murine FATP gene, which is very similar (16/17) to the 
consensus sequence for previously identified PPREs (see Table 
I). 

By deletion analysis and mutation of this putative PPRE, we 
have demonstrated that this PPRE is necessary for the PPAR- 
mediated up-regulation of FATP expression. Transfection into 
3T3-L1 preadipocytes showed that FATP transcription can in- 
deed be activated by the naturally occurring compound, linoleic 
acid. This fatty acid has been shown previously to be able to 
activate transcription via both the a and y PPAR subtypes 
(40-42). Further transfection experiments into CV-1 cells dem- 
onstrated that FATP transcription was activated by both 
PPARa and PPARy. Both subtypes activate transcription upon 



treatment with synthetic activator; however, the receptors are 
also able to activate transcription in the absence of exogenous 
activator. This could be explained either by the presence of an 
endogenous activator, such as a fatty acid or its metabolite, or 
by a ligand-independent activity of these subtypes (43). 

In addition to showing the functionality of the FATP PPRE, 
our experiments demonstrate a differential activation of gene 
expression by the various PPAR subtypes. Although both 
PPARa and PPARy are able to activate transcription, our stud- 
ies show that PPARy mediates a greater response both in the 
presence and absence of a synthetic activator. PPARS, in con- 
trast, did not significantly activate transcription, either alone 
or upon treatment with activator. This difference has been 
demonstrated previously in other systems (44) and has been 
hypothesized to reflect the differing roles of the PPAR subtypes 
in the regulation of fatty acid metabolism. PPARa has been 
best characterized in the liver, where it up-regulates many 
genes involved in the catabolism of fatty acids. PPARy is chiefly 
active in the adipose tissue, where it contributes to lipid accu- 
mulation and the development of the adipose phenotype. In 
contrast to the other two subtypes, the role of PPARS in whole- 
body fatty acid metabolism has not been well defined. 

We and others have reported the up-regulation of FATP 
during adipose conversion (13, 14). We hypothesized that this 
differentiation-dependent regulation of FATP is mediated by 
PPARy and is dependent on the presence of the FATP PPRE. 
This was investigated in a further series of transfections, which 
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Fig. 8. Oleate uptake by 3T3-L1 adi- 
pocytes treated with troglitazone 
and retinoic acid. 3T3-L1 adipocytes 
were treated for 4 days with either 20 pM 
troglitazone and 1 pM 9-cis-retinoic acid 
or their carrier Me 2 SO (DMSO). Cells 
were then incubated with 1:1 oleate :BSA 
mixture in Krebs-Ringer phosphate 
buffer which contained trace [ 3 H1 oleate. 
Cells were washed and lysed at various 
time points and cell lysate was assayed 
for radioactivity. Asterisks indicate statis- 
tical difference between uptake of treated 
and nontreated cells (* = p < 0.05). 
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compared transcriptional activity in both 3T3-L1 preadipocytes 
and adipocytes, in both the presence and absence of synthetic 
activators. The PPRE conferred a 1.6-fold activation of FATP 
transcription in preadipocytes. At this point in the differentia- 
tion process, PPARy is present in low levels relative to fully 
differentiated adipocytes. Exogenous activators of the three 
PPAR subtypes did not significantly increase transcription 
above that of untreated cells. In adipocytes, the PPRE con- 
ferred a 5-fold increase in FATP expression, and this activation 
was further stimulated by the PPARy activator, troglitazone. 
Neither the activator of PPARa nor PPARS was able to increase 
FATP expression over untreated cells. This can be explained by 
the lack of significant PPARa expression in adipocytes. PPARS, 
while present in adipocytes, has been demonstrated in the 
previously described studies to be unable to activate FATP 
expression. 

Several previous studies have shown a synergistic effect of 
the RXRa activators, 9-c/s-retinoic acid on PPAR-activated ex- 
pression (18, 19, 21, 45-48). This convergence of the PPAR and 
RXR signaling pathways was also demonstrated in transfection 
studies of FATP reporter constructs in 3T3-L1 adipocytes. Al- 
though the RXRa activator alone was unable to increase ex- 
pression of FATP in 3T3-L1 adipocytes, it was able to enhance 
the troglitazone-mediated activation of expression. 

The ability of the various PPAR subtypes to bind to the FATP 
PPRE in vitro was examined by electromobility shift assay. As 
has been shown in other systems, neither'the PPARs nor RXRa 
were able to bind to the PPRE as homodimers (20, 21, 45-50); 
however, all three PPAR subtypes were able to bind as het- 
erodimers. These protein-DNA complexes were sequence-spe- 
cific, as shown by competition analysis, and were dependent 
upon the presence of an intact PPRE. Mutation of 3 base pairs 
of the PPRE abolished the formation of protein complexes on 
this element. It is interesting to note that PPARS, while unable 
to activate transcription, was able to form a heterodimer com- 
plex with the PPRE. This indicates that binding of the receptor 
heterodimers to an element is not equivalent with transcrip- 
tional activity. 

In order to correlate FATP regulation by PPARs with its 
putative function, oleate uptake was measured in cells that 
were treated with troglitazone and 9-ds-retinoic acid. Uptake 



was significantly increased in activator-treated cells when com- 
pared with control-treated cells. This leads to an interesting 
model for positive feedback regulation of FATP. Increased 
FATP expression has been shown to result in increased fatty 
acid uptake (13). Fatty acids, in turn, are activators of PPARy 
and PPARa, which are able up-regulate the expression of 
FATP. 

We have reported previously the regulation of FATP by in- 
sulin via an insulin-responsive element (PLE3) in the up- 
stream region of the FATP gene (-1353 to -1347). The down- 
regulation of FATP by insulin, an anabolic hormone, seems 
counterintuitive, since fatty acid uptake would be expected to 
rise in response to insulin stimulation. It is important to note, 
however, that regulation of FATP at the transcriptional level is 
unlikely to be the result of the transient postprandial insulin 
peak, but rather a more chronic hyperinsulinemia, such as in 
type 2 diabetes mellitus. Furthermore, the majority of type 2 
diabetics are obese, a condition associated with a down-regu- 
lation of PPARy expression in adipose tissue (51). The combi- 
nation of these two factors may contribute to the elevation in 
serum free fatty acid levels observed in type 2 diabetics. This 
leads to a possible mechanism for the antidiabetic effects of the 
drug, troglitazone; by reversing the effects of hyperinsulinemia 
and obesity on FATP regulation, troglitazone may enable adi- 
pose tissue improve fatty acid uptake. Further studies on the 
function of FATP and its regulation; in the diabetic state may 
lead to insight into both normal and deranged fatty acid 
metabolism. 
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Intracellular fatty acid (FA) concentrations are in 
part determined by a regulated import/export system 
that is controlled by two key proteins, i.e. fatty acid 
transport protein (FATP) and acyl-CoA synthetase 
(ACS), which respectively facilitate the transport of FAs 
across the cell membrane and their esterification to pre- 
vent their efflux. The aim of this investigation was to 
analyze the expression pattern of FATP and ACS and to 
determine whether their expression was altered by 
agents that affect FA metabolism through the activation 
of peroxisome proliferator-activated receptors (PPAR) 
such as the fibrates and thiazolidinediones. FATP 
mRNA was ubiquitously expressed, with highest levels 
being detected in adipose tissue, heart, brain, and testis. 
Fibrate treatment, which is known to preferentially ac- 
tivate PPARa, induced FATP mRNA levels in rat liver 
and intestine and induced ACS mRNA levels in liver and 
kidney. The antidiabetic thiazolidinedione BRL 49653, 
which is a high-affinity ligand for the adipocyte-specific 
PPARy form, caused a small induction of muscle but a 
robust induction of adipose tissue FATP mRNA levels. 
BRL 49653 did not affect liver FATP and had a tendency 
to decrease heart FATP mRNA levels. ACS mRNA levels 
in general showed a similar pattern after BRL 49653 as 
FATP except for the muscle where ACS mRNA was in- 
duced. This regulation of FATP and ACS expression by 
PPAR activators was shown to be at the transcriptional 
level and could also be reproduced in vitro in cell cul- 
ture systems. In the hepatocyte cell lines AML-12 or Fa 
32, fenofibric acid, but not BRL 49653, induced FATP 
and ACS mRNA levels, whereas in the 3T3-L1 preadipo- 
cyte cell line, the PPARy ligand induced FATP and ACS 
mRNA levels quicker than fenofibric acid. Inducibility 
of ACS and FATP mRNA by PPARa or y activators cor- 
related with the tissue-specific distribution of the re- 
spective PPARs and was furthermore associated with a 
concomitant increase in FA uptake. Most interestingly, 
thiazolidinedione antidiabetic agents seem to favor adi- 
pocyte-specific FA uptake relative to muscle, perhaps 
underlying in part the beneficial effects of these agents 
on insulin-mediated glucose disposal. 
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Transmembrane transport of FAs 1 is still poorly understood 
despite intense investigation. Uncharged molecules and weak 
acids such as fatty acids can cross membranes rapidly thanks 
to their lipid solubility. The rate of movement is controlled by 
mass action and can be enhanced by proteins such as fatty 
acid-binding protein that act as a cytoplasmic "sink." Recently, 
however, several studies provided evidence that in addition to 
these nonfacilitated systems, facilitated transport also contrib- 
utes to FA transport (1). Several proteins were hypothesized to 
be acting as FA transporters. Among these, three deserve fur- 
ther attention. First, plasma membrane fatty acid-binding pro- 
tein, a protein related to the mitochondrial isoform of aspartate 
aminotransferase, has been suggested to increase FA uptake in 
cells (2). Since this protein has not yet been cloned, it is difficult 
to determine its exact role in FA transport processes. The 
second protein, fatty acid translocase is an 88-kDa membrane 
protein that has been cloned in mouse and is homologous to the 
human CD36 cell surface antigen (3). Although CD36 has been 
shown to bind FAs and might be involved in signal transduc- 
tion after binding of a specific ligand (long chain fatty acids), it 
is until now not clear whether it is a transport protein. The only 
candidate for a long chain FA transporter for which function- 
ality has been directly demonstrated is the fatty acid transport 
protein (FATP) (4). FATP is a 63-kDa plasma membrane pro- 
tein with six predicted membrane-spanning domains that has 
been cloned using a functional expression cloning technique. It 
increased oleic acid uptake in FATP-transfected 3T3-L1 cells 
by >3-fold. Interestingly FATP is suggested to act in concert 
with acyl-CoA synthetase (ACS), an enzyme that prevents ef- 
flux of the incorporated fatty acids by their conversion into 
acyl-CoA derivatives and hence rendering the FA uptake proc- 
ess unidirectional. Furthermore, FATP shows a limited region 
of homology at the protein level (11 amino acids), with ACS 
leading to the hypothesis that this common region might reflect 
a common function, such as a binding site (4). These 11 amino 
acids residues have also been found to be conserved in the rat 
and the yeast FATP homologues (5). 

Several aspects of intracellular lipid and FA metabolism in 
cells are subjected to transcriptional control by the peroxisome 
proliferator-activated receptor (PPAR) family. PPARs are 
members of the superfamily of nuclear hormone receptors that 
function as ligand-dependent transcription factors. Three re- 
ceptor subtypes of PPAR termed a, 8 (or /3), and y, have been 
identified (6-15). These receptors heterodimerize with the ret- 
inoid X receptor and alter the transcription of target genes 
after binding to peroxisome proliferator response elements 
(PPREs), which consist of a hexameric nucleotide direct repeat 
of the recognition motif (TGACCT) spaced by 1 nucleotide 



1 The abbreviations used are:- FA, fatty acid; FATP, FA transport 
protein;' ACS, acyl-CoA synthetase; PPAR, peroxisome proliferator-ac- 
tivated receptor; BSA, bovine serum albumin; LPL, lipoprotein lipase. 
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Fig. 1. Tissue distribution of FATP mRNA expression in 
mouse (A) and rat (B). Twenty /ig of total RNA from the respective 
tissues was analyzed by Northern blot hybridization for FATP and 
36B4 mRNA expression. RNA extraction and analysis was performed as 
described under "Experimental Procedures." 

(DR-1). Several genes with a crucial role in FA metabolism 
have been shown to contain a peroxisome proliferator response 
element in their upstream regulatory sequences (reviewed in 
Refs. 16 and 17). Interestingly, the transcriptional activity of 
the PPAR subtypes is enhanced by a multitude of chemical 
compounds including fatty acids, thiazolidinedione antidiabetic 
agents, prostaglandins, peroxisome proliferators, and fibrate 
hypolipidemic drugs. In addition to activating PPARs, some of 
these compounds have been shown to be direct ligands for 
them. PRAR-y directly binds antidiabetic thiazolidinediones 
(18, 19) and prostaglandin derivatives (18, 20) but not the other 
activators, whereas PPARa binds leukotriene B4 and the pow- 
erful peroxisome proliferator Wy 14643 (21). 

In view of the convergence of FA import and PPARs in lipid 
and energy metabolism, we investigated the effects of two 
distinct chemical classes of PPAR activators, i.e. fibrates 
(PPARa-specific) and the antidiabetic thiazolidinediones 
(PPAR-y-specific) on tissue-specific FATP gene expression. Fi- 
brate treatment induced FATP and ACS expression strongest 
in liver, whereas BRL 49653, the high affinity ligand for 
PPARy, had no effect on liver but induced adipocyte FATP and 
ACS expression in adipose tissue. The induction of FATP and 
ACS by PPAR activators was at the level of transcription and 
was associated with concomitant changes in cellular FA up- 
take. Interestingly, the stronger effects of BRL 49653 on fatty 
acid import in adipose tissue relative to the muscle might limit 
FA uptake and oxidation in the muscle, an effect associated 
with an improvement in muscle glucose disposal. 

EXPERIMENTAL PROCEDURES 

Materials— BRL 49653 and fenofibric acid were kind gifts of Dr. De 
Chaffoy de Courcelles ( Janssen Research Foundation, Beerse, Belgium) 
and Dr. Alan Edgar (Laboratoires Fournier, Daix, France), respectively. 

Animal Studies — Animal studies were carried out in compliance with 
French and European union specifications regarding the use of labora- 
tory animals. Male Wistar rats (90 days old) were treated for 7 days 
with fenofibrate (Laboratoires Fournier) mixed at the indicated concen- 
trations (by mass) in standard rat chow. The food intake of the rats was 
recorded every day throughout the treatment period. None of the treat- 
ments caused major changes in the amount of food consumed by the 
animals. Since each rat consumed approximately 20 gm of chow/day, 
doses of 0.5, 0.05, and 0.005% (by mass mixed in rat chow) correspond 
to 320, 32, and 3 mg/kg of body weight/day. Adult (95 day) Sprague- 
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Fig. 2. Effect of fenofibrate on FATP mRNA levels. A, graph 
showing the effects fenofibrate mixed with food in the indicated con- 
centrations on FATP mRNA levels. RNA extraction and analysis was 
performed as described under "Experimental Procedures." RA.U., rel- 
ative absorbance units. B, effect of increasing amounts of fenofibrate on 
liver FATP expression in rat. Twenty fxg of total liver RNA was ana- 
lyzed by Northern blot hybridization for FATP and 36B4 mRNA expres- 
sion as indicated under "Experimental Procedures." C, effect of fenofi- 
brate on liver FATP expression in mouse. Twenty jig of total liver RNA 
tissues was analyzed by Northern blot hybridization for FATP and 
36B4 mRNA expression as indicated under "Experimental Procedures." 



Dawley rats were group-housed and accustomed to a 12:12 h day:night 
ratio illumination cycle (light from 8 am to 8 pm). Rats were divided in 
groups of a minimum of three animals each and were treated for either 
7 or 14 days. The first group received BRL 49653 (5 mg/kg/day) by 
gavage. The second group of animals received 0.5% w/w of fenofibrate 
(± 0.5 g/kg/day) mixed with their food, whereas the third group of 
animals served as controls and received 10% carboxymethylcellulose 
(vehicle for gavage) by gavage. In a separate experiment, adult C57B16 
male mice were either fed during 14 days with a control chow (n = 3) or 
the same chow containing 0.5% w/w of fenofibrate. At the end of the 
treatment period, all animals were weighed and sacrificed by exsangui- 
nation under ether anesthesia between 8 and 10 a.m. Epididymal 
adipose tissue (in rats) and liver (in rats and mice) was removed, 
weighed, rinsed with 0.9% NaCl, and frozen in liquid nitrogen until 
RNA preparation. 

Cell Culture — The mouse hepatoma and preadipocyte cell lines Fa 32 
(rat), ob 1771 (mouse) (22), and 3T3-L1 (mouse; ATCC) were main- 
tained in Dulbecco's modified Eagle's minimal essential medium and 
supplemented with 10% delipidated and charcoal -treated fetal calf se- 
rum, L-glutamine, and antibiotics unless stated otherwise. AML-12 
mouse hepatocytes (23) were maintained in Dulbecco's modified Eagle's 
minimal essential medium/Ham's F-12 supplemented with 10% delipi- 
dated and charcoal-treated fetal calf serum, insulin, transferrin, and 
selenium (Collaborative Research), dexamethasone (0.1 ^m), and gen- 
tamycin (50 ng/m\). Fenofibric acid and BRL 49653 (both in Me 2 S0) 
were added to the medium at the appropriate concentrations and times 
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Fig. 3. FATP and ACS mRNA are in some tissues coinduced by fenofibrate. A, graphs representing the effects of three different 
concentrations of fenofibrate (0.005, 0.05, and 0.5% (w/w) during 14 days) mixed with food on FATP {open squares) or ACS {filled squares) mRNA 
levels. The results represent the mean of three independent samples. B, Northern blot showing the regulation of FATP, ACS, and 36B4 mRNA 
levels by fenofibrate administration. Animal treatment and preparation and analysis of RNA is described under "Experimental Procedures." 
RA.U., relative absorbance units. 



indicated. Control cells received vehicle only. 

3T3-L1 cells were differentiated by a treatment of 2 days with dex- 
amethasone (0.1 pM), isobutylmethylxan thine (0.25 mM), and insulin 
(0.4 jam); the cells were then maintained for an additional 8 days with 
insulin until complete differentiation. 

Preparation of Albumin-bound Fatty Acids — Radiolabeled 
l4 [C]oleate fatty acid was mixed in water at 40 °C, albumin (BSA; 
fraction V, fatty acid-free, Sigma) was then added from a concentrated 
stock (20 g/100 ml) to give a final molar ratio of 1/1 by gentle mixing. 2 X 
Hanks' solution was added to obtain a 1 X final solution. Incubation 
was carried out at 37 °C for 45 min. 

Fatty Acid Uptake Assay — The measurement of uptake of 1- 14 C- 
labeled oleate (about 50 mCi/mmol, NEN Life Science Products) was 
carried out in 24- or 6-well plates with 10 6 cells/ml of medium. Before 
treatment, the cells were washed with 1 X Hanks' solution. BRL 49653 
(100-250 nM) and fenofibric acid (100-250 um) were added in fresh 
Dulbecco's modified Eagle's minimal essential medium containing 10% 
fetal calf serum. After 48 h of treatment, cells were washed with Hanks' 
solution and incubated for 1 additional h in serum-free, glucose-free 
medium. Cells were then washed once at 37 °C and twice at 23 °C with 
1 x Hanks' solution containing BSA. Hanks' solution without BSA was 
then added before the assay. A volume corresponding to 1 fxCi of 
[ 14 C] oleate albumin-bound solution was added in each well, and cells 
were incubated for 1 min at room temperature. The incubation was 
stopped after 1 min with 3 washes of ice-cold 1 x Hanks' solution 
without BSA. A complementary experiment has been performed to 
verify whether aspecific cell surface binding of [ l4 C] oleate could inter- 
fere with the assay. For this second assay, the cells were washed under 
more stringent conditions in 1 X Hanks' solution containing 2% BSA. 
Cells were then lysed in 400 u\ of 0.1% SDS solution. The lysate was 
counted for 5 miri with 4 ml of scintillation solution. The assay was 
performed on triplicate points. 

RNA Analysis — RNA preparation, Northern blot hybridizations, and 
quantification of total cellular RNA were performed as described pre- 
viously (24). A mouse FATP cDNA probe was obtained after cloning a 
reverse transcription-polymerase chain reaction fragment from mouse 



adipose tissue RNA using the primers 382 (ATGCGGGCTCCTGGAG- 
CAGGACAGCC) and 399 (CTGCGTGTCAGGCAGGATGCTCTCAG- 
GCCC) into pBS-KS. The insert was sequenced and found to be identi- 
cal to the reported mouse FATP sequence. The rat ACS probe 
corresponds to the EcoRV restriction fragment of the rat ACS cDNA. 
The human acidic ribosomal phosphoprotein 36B4 (25) was used as a 
control probe. 

RESULTS 

FATP mRNA Is Ubiquitously Expressed — To determine 
whether FATP expression was ubiquitous or restricted to cer- 
tain tissues, we hybridized both a mouse (Fig. LA) and a rat 
(Fig. IB) multiple tissue Northern blot with a radiolabeled 
FATP probe. In both rat and mouse, adipose tissue, heart, 
brain, and testis showed the highest level of expression. Intes- 
tine and muscle show intermediate levels of expression, and 
low levels are expressed in the liver, kidney, lung, and spleen. 

Fenofibrate, a PPARct Activator, Induces FATP mRNA in 
Vivo — In addition to being building blocks and energy sub- 
strates, fatty acids are also important signaling molecules. 
Besides being activated by peroxisome proliferators and certain 
thiazolidinediones, the transcriptional activity of PPARs can be 
activated by fatty acids (reviewed in Refs. 16 and 17). There- 
fore, we were interested in analyzing whether activation of 
these PPARs would affect FA uptake in general and FATP 
expression in particular. To address this issue we first assessed 
the effect of fibrates, potent PPARa activators, on the expres- 
sion of the fatp gene in rats. Rats were hence treated with 
different doses of fenofibrate (14 days treatment at the doses 
0.005, 0.05, and 0.5% by mass) mixed in food. Next, RNA was 
isolated from various organs and analyzed by Northern blot 
hybridization. In liver, FATP mRNA levels increased gradually 
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Fig. 4. Tissue-selective induction of FATP (A) and ACS (B) 
mRNA in rat liver, adipose tissue, skeletal muscle, and heart by 
fenofibrate and BRL 49653, respectively. A, expression of FATP 
mRNA in liver, epididymal adipose tissue, skeletal muscle, and heart of 
animals treated with fenofibrate (FF, 0.5% (w/w) during 7 days, approx- 
imately 0.5 g/kg/day) or BRL 49653 (5 mg/kg/day during 7 days). The 
blots were stripped and rehybridized with the human acidic ribosomal 
phosphoprotein 36B4 control cDNA. B, expression of ACS mRNA in 
liver, epididymal adipose tissue, skeletal muscle, and heart of animals 
treated with fenofibrate (FF, 0.5% (w/w) during 7 days, approximately 
0.5 g/kg/day) or BRL 49653 (5 mg/kg/day during 7 days). The blots were 
stripped and rehybridized with the human acidic ribosomal phospho- 
protein 36B4 control cDNA. Animal treatment and preparation and 
analysis of RNA is described under "Experimental Procedures." C, bar 
graph summarizing the regulation of ACS and FATP mRNA in liver, 
epididymal adipose tissue, skeletal muscle, and heart of animals 
treated with or without BRL 49653. RA.U., relative absorbance units. 
Values statistically significant from controls (Mann-Whitney; p < 0.05) 
* are indicated by an asterisk. 

starting from 0.05% fenofibrate and reached a maximal 4.2-fold 
induction at the highest dose of 0.5% fenofibrate (Fig. 2, A and 
B). A representative Northern blot showing the induction of 
FATP mRNA in the liver is depicted in Fig. 2B. Next, the 
response of FATP mRNA levels to fibrates was studied in 
intestine, skeletal muscle, heart, and kidney. Only intestinal 
FATP mRNA expression was slightly induced (2-fold) by the 
highest dose of fibrate treatment, whereas muscle, kidney, and 
heart FATP mRNA expression remained unchanged. Also in 
mice, administration of fenofibrate (0.5%) induced FATP 
mRNA levels in liver (15-fold) (Fig. 2C). 

Parallels between the Fibrate Effects on FATP and ACS— 
Several proteins are hypothesized to enhance fatty acid uptake 
into cells. In contrast to FATP, which acts as an FA transport 
protein, ACS prevents the efflux from the imported FAs by 
converting them into acyl-CoA derivatives, which can subse- 



quently be used in both anabolic and catabolic pathways. 
Therefore, we next analyzed whether there was a parallel 
between the induction of FATP and ACS after fibrate treat- 
ment (Fig. 3). Fenofibrate induced liver and kidney ACS mRNA 
expression, whereas no change in ACS expression was observed 
in heart and intestine. Therefore both FATP and ACS mRNA 
levels seem to be coordinately regulated in liver and heart, 
since fibrates affect both parameters in a similar fashion. The 
regulation of ACS and FATP in the kidney and intestine seems 
to be divergent, since in these tissues only one of the respective 
mRNAs is regulated by fibrate treatment. 

PPARy Activators Induce FATP mRNA in Adipose Tis- 
sue — In addition to the well established effects of peroxisome 
proliferators such as the different fibrates on PPARa activity, 
we next tested the effects of the PPARy-selective ligand BRL 
49653 on FATP and ACS expression in various rat tissues after 
administration of these compounds. Fenofibrate (0.5% (w/w), 
±0.5 g/kg/day) induced FATP and ACS mRNA in rat liver (Fig. 
4, A and J5), confirming our previous observations (26). By 
contrast, treatment with fenofibrate did not change FATP and 
ACS mRNA levels significantly in adipose tissue, skeletal mus- 
cle, or heart (Fig. 4, A and B). Administration of 5 mg/kg/day of 
BRL 49653 was associated with the expected decrease in serum 
triglyceride levels (from 167 to 88 mg/dl). Furthermore, this 
treatment with BRL 49653 resulted in a significant induction 
of adipose tissue FATP (7-fold) and ACS (7-fold) mRNA levels 
(Fig. 4). This induction of FATP and ACS mRNA by BRL 49653 
was observed in epididymal (Fig. 5) and omental (data not 
shown) adipose tissue. In perirenal adipose tissue, however, 
only FATP but not ACS mRNA was induced (Fig. 5). We ob- 
served a 1.6- and 3.1-fold induction of respective levels of FATP 
and ACS mRNA in skeletal muscle after BRL 49653 adminis- 
tration. BRL 49653 did not significantly influence the expres- 
sion of FATP or ACS in liver, whereas FATP mRNA levels 
showed a tendency to decrease in the heart after BRL 49653 
treatment. 

The Induction of FATP and ACS Expression by Fenofibrate Is 
at the Transcriptional Level— To analyze whether the induc- 
tion of FATP and ACS mRNAs occurred at the transcriptional 
level, a nuclear run-on assay was performed on liver nuclei 
obtained from fenofibrate-treated rats (Fig. 6). In comparison 
with control liver nuclei, the rate of FATP and ACS transcrip- 
tion was respectively 3- and 3.5-fold higher in nuclei from 
fenofibrate-treated animals. The transcription rate of acyl-CoA 
oxidase, a key enzyme in the peroxisomal /3 oxidation pathway, 
a positive control for fibrate action, was induced (5-fold), 
whereas the glyceraldehyde phosphate dehydrogenase gene, a 
negative control, did not change. 

BRL 49653 Induces FATP mRNA Specifically in Preadipo- 
cyte Cells, whereas Fibrates Induce FATP mRNA in Cells of 
Hepatic Origin — To study the cellular mechanism of this in- 
duction, we investigated the regulation of the FATP gene ex- 
pression by fibrates and BRL 49653 in hepatocyte (Fig. 7), 
adipocyte (Fig. 8), and muscle cells cell lines. FATP and ACS 
mRNA were measured in mouse AML-12 and rat Fa 32 liver- 
derived cell fines. A strong induction of expression of both 
FATP and ACS mRNA levels was seen after treatment of these 
liver-derived lines with fenofibric acid. Fenofibric acid induced 
both mRNAs optimally within 24 h (Fig. 7A) at a dose of 250 jam 
(Fig. 7B). The results of dose response and time course of FATP 
and ACS induction after treatment with fibrates seem to show 
an apparent difference between Fa 32 and AML-12 cells. The 
reason for this apparent difference in induction of FATP and 
ACS in the two cell lines is most likely caused by the difference 
in basal levels of FATP, which in Fa 32 cells is barely detect- 
able. In contrast, under basal conditions, AML-12 expresses 



28214 



Regulation ofFATP Expression by PPAR Activators 



A Epldldymal 
Control BRL 



B Perirenal 
Control BRL 



-A AML12 




1 2 3 4 5 6 



FATP 



ACS 



36 B4 




7 8 9 10 11 12 



Fig. 5. BRL 49653 induces FATP and ACS mRNA in different 
adipose tissue depots. Expression of ACS and FATP mRNA in epi- 
didymal (A), and perirenal (B) adipose tissue of animals treated with 
BRL 49653 (5 mg/kg/day during 7 days). The blots were stripped and 
rehybridized with the human acidic ribosomal phosphoprotein 36B4 
control cDNA. Animal treatment and preparation and analysis of RNA 
is described under "Experimental Procedures." 



B 





FF 



BRL 



Fig. 6. The induction of FATP and ACS by fibrates is at the 
transcriptional level. Transcription rates were determined for the 
FATP, ACS, acyl-coA oxidase (ACO) and glyceraldehyde-3-phosphate 
dehydrogenase genes in rat liver nuclei obtained from control, or BRL 
49653 (BRL)- or fenofibrate-treated rats (FF). A pUC-20 template was 
used as a control (C). Densitometric scanning of the results is depicted 
at the left panel. GAPDH, glyceraldehyde-3 -phosphate dehydrogenase, 
is used for relative values; ACO, acyl-CoA oxidase; BS, BlueScript. 



much higher levels ofFATP transcript. This difference between 
these cells will result in an overestimation of the induction of 
the FATP in Fa 32 cells, explaining the discordance between 
relative levels of induction between FATP and ACS in the two 
cell lines. 

To examine FATP and ACS regulation in adipocyte-like cell 
lines, 3T3-L1 preadipocyte cells were used. First, we analyzed 
the effects of BRL 49653 on nondifferentiated 3T3-L1 preadi- 
pocyte cells. As shown in Fig. 8A, a limited effect of BRL 49653 
was observed in undifferentiated 3T3-L1 cells. In differentiated 
3T3-L1 adipocytes, FATP and ACS mRNA levels were induced 
5- and 9-fold after 4 days of treatment with BRL 49653. The ob 
1771 preadipocyte cell line (22) was also analyzed (Fig. 8). The 
addition of BRL 49653 also induced FATP and ACS mRNA 
levels in this cell line (Fig. 8), whereas fenofibric acid had only 
a weak effect (data not shown). 

Finally the effects of both BRL and fenofibric on L6 muscle 
cells were analyzed. Unlike in adipocyte or hepatocyte cell 
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Fig. 7. Regulation of FATP and ACS mRNA expression in the 
liver-derived cell lines AML-12 hepatocytes (A, rat) and Fa 32 (B, 
mouse) by fibrates. A, AML-12 hepatocytes. Time course ofFATP and 
ACS mRNA induction in AML-12 cells treated with fenofibric acid (250 
/am). A probe for 36B4 was used as a control. RA. U. , relative absorbance 
units. B, Fa 32 hepatoma cells. Dose reponse ofFATP and ACS mRNA 
induction in Fa 32 hepatoma cells treated for 24 h with the indicated 
concentrations of fenofibric acid. Cells were grown and mRNA analysis 
was performed as described under "Experimental Procedures." 

lines, no change in L6 ACS and FATP mRNA levels were 
detected upon treatment with either fenbfibrate or BRL 49653 
(data not shown). 

Induction ofFATP or ACS mRNA Levels Results in a Change 
in FA Uptake into Cells— To verify whether changes in mRNA 
levels of FATP and ACS were correlated with alterations in 
fatty acid uptake, we analyzed [ 14 C]oleic acid uptake in Fa 32 
and AML-12 hepatic cells, L6 muscle cells, and 3T3-L1 preadi- 
pocytes. As shown in Fig. 9, fatty acid uptake of [ 14 C] oleic acid 
significantly increased after treatment of the liver-derived 
AML-12 cells with fenofibric acid and after treatment of the 
differentiated adipocyte-like 3T3-L1 cells with BRL 49653. In 
Fa 32 cells, fatty acid uptake was also increased (data not 
shown). The increase, although statistically significant, was 
however less pronounced than in AML-12 cells. As expected in 
view of the absence of a major regulation of ACS and FATP 
mRNA in muscle cells, no effects of either fenofibric acid nor 
BRL 49653 were observed on FA uptake in L6 muscle cells. The 
regulation of FA uptake was hence completely consistent with 
the regulation of respective mRNA levels of FATP and ACS in 
the various cell models. 

DISCUSSION 

Both ACS and FATP have been suggested to play a crucial 
role in the transport of fatty acids into the cell (4). FATP acts as 
a fatty acid transport protein, whereas ACS prevents efflux of 
the newly imported fatty acids by their esterification with 
coenzyme A. Fatty acids are important cellular components 
that can function both as metabolic substrates or as signaling 
molecules, by functioning as second messengers and triggering 
signal transduction pathways or by directly activating tran- 
scription factors such as the PPAR family of nuclear receptors. 
Since FATP and ACS control, in part, the intracellular avail- 
ability of FAs, important PPAR activators, the aim of the pres- 
ent investigation was to perform detailed analysis ofFATP and 
ACS expression and to establish whether FATP and ACS ex- 
pression themselves might be subject to control by PPARs. 

In the liver, one of the major organs susceptible to peroxiso- 
mal proliferation, FATP gene transcription is strongly induced 
upon fibrate treatment. This strong induction is not surprising 
if one takes the strong induction of peroxisomal j3 oxidation into 
account after fibrate treatment. FATP is likely to be responsi- 
ble in part for the increased FA import necessary to sustain 



Regulation ofFATP Expression by PPAR Activators 



28215 



Fig. 8. Regulation of FATP and ACS 
mRNA expression in 3T3-L1 preadi- 
pocytes (A) and in ob 1771 preadipo- 
cytes (B) by thiazolidinediones. A, 
3T3-L1 cells. Differentiated or undifferen- 
tiated 3T3-L1 cells were treated with BRL 
49653 (10 jam) for different time periods. 
RNA was extracted and analyzed for 
FATP and ACS expression as described 
under "Experimental Procedures." A 
probe for 36B4 was used as a control to 
normalize the results. R. At/., relative ab- 
sorbance units. B, ob 1771 cells. Differen- 
tiated ob 1771 cells were challenged dur- 
ing 3 days with BRL 49653 (10 jtM) and 
FATP, and ACS mRNA levels were 
analyzed. 
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Fig. 9. Fatty acid uptake is in- 
creased in parallel with the changes 
in FATP and ACS mRNA levels. 

[ 14 CJ01eic acid uptake in L6 muscle cells, 
3T3-L1 preadipocytes, and AML-12 he- 
patic cells is shown. Cells were untreated 
or incubated with either 100 or 250 /iM 
fenofibric acid (FF) or 100 or 250 nM BRL 
49653 for 24 h. [ 14 C]01eic acid uptake was 
then performed as described under "Ex- 
perimental Procedures." It is indicated 
whether cells were washed without 
(-BSA) or with BSA (+BSA). 



this increased j3 oxidation. Furthermore, a striking parallelism 
exists between the induction by fibrates of a number of genes 
involved in fatty acid import in the liver. In fact, the mRNAs for 
lipoprotein lipase (LPL) (27), ACS (this paper and Refs. 27 and 
28), and FATP genes are all induced after fibrate treatment in 
the liver. This coinduction of genes seems to prime the cells for 
more efficient j3 oxidation. Induced liver LPL expression will 
increase lipolysis in the vascular bed of the liver, generating 
more fatty acids, which are then avidly taken up by the cells 
thanks to the higher levels of FATP expression. Efflux of these 
imported fatty acids is prevented by induced ACS levels, which 
in addition, primes them for subsequent metabolism. Therefore 
it seems that fibrates not only induce /3 oxidation but also 
induce genes important for supplying the cells with the extra . 
fatty acids they need to sustain this increase in /3 oxidation. 

In the intestine', FATP was also induced by fibrates, albeit to 
a lesser extent. The FATP induction in this tissue shows a 
striking parallel to the induction of CD36 after fibrate treat- 
ment in this tissue (29). In contrast to the liver and intestine, 
heart FATP mRNA levels did not vary substantially under 
fibrate treatment. The basal levels of FATP expression were, 
however, very high in heart, which almost exclusively uses 
fatty acids as energy source. In this tissue, fatty acids are, 
however, constitutively metabolized to provide energy neces- 
sary for the contraction of the heart muscle. Unresponsiveness 
of FATP expression in the heart to hormonal control could 
hence be physiologically significant, since the continued func- 
tion of the heart is far too crucial to allow any form of major 



regulation of a transporter vital to its energy supply. This 
would suggest that in the heart, the FATP promoter is maxi- 
mally active, resulting in a high level of constitutive FATP gene 
expression, which would be consistent with the high basal 
levels ofFATP mRNA in this tissue. Similar to the heart, less 
extreme changes were observed in adipose tissue FATP mRNA 
after fibrate treatment. The absence of an effect of fibrates on 
FATP expression in adipose tissue is most likely due to the 
lower levels of PPARa relative to PPAR?. For kidney and 
intestine, the regulation of ACS and FATP by fibrates is dis- 
cordant. This is consistant with the less crucial functions lipids 
play in kidney and intestinal metabolism. Kidney expressed 
only low levels ofFATP mRNA, and its expression was further- 
more refractory to induction by fibrates. Relative to heart and 
liver, the kidney utilizes relatively little fatty acids, and there- 
fore a coordinate import mechanism is of lesser importance. In 
intestine, fatty acids are primarily absorbed, but they are less 
actively metabolized than in heart and liver. Therefore, intes- 
tine apparently has an actively regulated transport mecha- 
nism, as evidenced by regulation of the expression of both 
FATP and FAT, another transport protein that is also ex- 
pressed and highly regulated in this organ (29). Since fatty 
acids are less actively metabolized and rather resecreted under 
the form of lipoproteins, there is less need for their conversion 
to acyl-CoA derivatives and hence less need for coordinated 
regulation of ACS together with these transport proteins sug- 
gested to be implicated in fatty acid transport. 

The demonstration of the inducibility of the FATP and ACS 
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genes by PPARy ligands such as the thiazolidinedione BRL 
49653 has important implications for adipocyte physiology. 
PPARy has been shown to promote preadipocyte determination 
as well as terminal differentiation (13, 30), and its mRNA is 
itself induced in the earliest steps of adipocyte differentiation 
before the induction of early marker genes for adipocyte differ- 
entiation. Many of these genes induced during adipocyte dif- 
ferentiation encode proteins involved in lipid storage and me- 
tabolism. The increase in FATP and ACS expression in 
differentiated adipocyte-like cells caused by PPARy ligands 
will result in an increased delivery of fatty acids to the adipo- 
cytes, which possibly sustains a positive regulatory feedback 
loop involving continued PPARy activation of the FATP and 
ACS (28) genes and aimed at promoting and maintaining the 
mature adipocyte phenotype. In fact, in addition to the thiazo- 
lidinediones, certain fatty acid-derived prostaglandin deriva- 
tives, whose delivery to the cell is increased by FATP, bind to 
and/or activate PPARy (19, 20, 31). This hypothesis is sup- 
ported by the observation that fatty acids (including arachi- 
donic acid-derived prostaglandins) and fatty acid analogues 
induce the expression of adipocyte-specific genes and enhance 
adipocyte conversion (30, 32-35). In addition to being potent 
PPAR activators (7, 12, 31, 36, 37), fatty acids will provide the 
necessary building blocks for triglyceride accumulation, ulti- 
mately enhancing adipocyte differentiation. The PPAR-medi- 
ated activation of FATP and ACS expression in cells of the 
adipogenic lineage might furthermore in part be responsible for 
the previously reported capacities of thiazolidinediones to in- 
duce adipocyte differentiation and induce the development of 
obesity (38-46). In this context, it is interesting to note that 
the PPARy-mediated effects of BRL 49653 on FATP and ACS 
expression might act in concert with induced LPL expression 
and the reduced leptin mRNA and protein levels and the asso- 
ciated increase in caloric intake enhancing energy storage in 
the adipocytes observed with this compound (47, 48). Interest- 
ingly, FATP and ACS are not coordinately regulated in perire- 
nal and epididymal adipose tissue stores. This differential reg- 
ulation is consistent with the distinct metabolic nature of the 
different adipose tissue depots (49-51). Further studies are 
required to determine whether the role of FATP is a conse- 
quence of or is causative of the physiologic differences between 
the adipose tissue depots. 

The tissue-selective effects of the various PPAR activators/ 
ligands are highly intriguing and provide insight in their ef- 
fects on triglyceride metabolism. Fibrate treatment induced 
FATP and ACS expression strongest in liver, whereas BRL 
49653 had no effect on liver, but strongly induced adipocyte 
FATP and to a lesser extent ACS expression. The effects of 
fibrates (PPARa activators) on the liver and PPARy ligands in 
adipose tissue correlates well with the tissue-specific expres- 
sion of the respective receptors and suggests that the FATP 
and ACS genes show a tissue-selective activation similar to the 
one previously described for the LPL gene (27). In this context, 
we need however to address the discrepancy between ACS and 
FATP regulation after BRL 49653 administration in skeletal 
muscle. Muscle tissue expresses very low levels of PPARy, 2 
which is consistent with the absence of an important regulatory 
effect of PPARy activators in this tissue as observed for the 
LPL (27) or FATP (this study) genes. In this context, the 
induction of ACS expression by BRL 49653 is however difficult 
to explain. One must however bear in mind that not all of the 
effects of the thiazolidinediones are mediated via PPARy acti- 
vation, and it is has been shown that these agents activate 
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several other signaling pathways (52-54). Further investiga- 
tions need to address whether ACS expression, unlike FATP or 
LPL expression, is subject to such a regulatory circuit. 

One remaining question is the relationship between PPARy, 
thiazolidinediones, and insulin resistance. It is tempting to 
speculate that the increase of LPL, ACS, and FATP activity in 
adipose tissue is related to the antidiabetic effects of the thia- 
zolidinediones. Due to the enhanced triglyceride clearance in 
adipose tissue, less triglycerides will become available to be 
hydrolyzed to fatty acids in the vascular bed of the muscle. 
Furthermore, relative to the strong induction ofFATP and ACS 
in adipose tissue by BRL 49653, very limited inductions of both 
genes are observed in skeletal and heart muscle, favoring up- 
take of fatty acids in adipose tissue relative to muscle. In view 
of the inhibitory effects of fatty acids on insulin-mediated glu- 
cose metabolism (55), the decrease in fatty acids delivered to 
the muscle cells might be responsible for the improvement in 
insulin sensitivity of this tissue. 

In conclusion, FATP and ACS mRNA levels can be regulated 
in a tissue-specific fashion by PPARa activators and PPARy 
ligands. In adipose tissue, the increase in FATP, ACS, and LPL 
(27) production after treatment with thiazolidinediones will 
enhance the clearance of plasma triglycerides (27, 56) and 
provide the (pre)adipocytes with additional fatty acids, which 
can further stimulate the transactivation capacity of PPAR or 
which can be stored under form of triglycerides. In the liver, the 
enhanced production ofFATP and ACS after fibrates together 
with the increase in /3 oxidation and the reduced production of 
apoCIII (57), may contribute to the hypolipidemic action of 
these compounds. This tissue-selective induction of FATP and 
ACS gene transcription by activators of different PPARs, dem- 
onstrates the feasibility of the development of highly specific 
PPAR subtype-specific agonists and antagonists, which can be 
used as drugs. 
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Abstract 

Antibody fragments of predetermined binding specificity have recently 
been constructed from repertoires of antibody V genes, bypassing hy- 
bridoma technology and even immunization. The V gene repertoires are 
harvested from populations of lymphocytes, or assembled in vitro, and 
cloned for display of associated heavy and light chain variable domains 
on the surface of filamentous bacteriophage. Rare phage are selected 
from the repertoire by binding to antigen; soluble antibody fragments are 
expressed from infected bacteria; and the affinity of binding of selected 
antibodies is improved by mutation. The process mimics immune selection, 
and antibodies with many different binding specificities have been isolated 
from the same phage repertoire. Thus' human antibody fragments have 
been isolated with specificities against both foreign and self antigens, 
including haptens, carbohydrates, secreted and cell surface proteins, viral 
coat proteins, and intracellular antigens from the lumen of the endoplasmic 
reticulum and the nucleus. Such antibodies have potential as reagents for 
research and in therapy. 

INTRODUCTION 

In the immune system, the rearrangement of the V gene segments creates 
a repertoire of virgin B cells, each displaying a single antibody species. 
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Cells are selected by encounter and binding of antigen, and they are 
triggered to differentiate to short-lived plasma cells that secrete antibody 
and to long-lived memory cells that persist in lymph nodes, spleen, and 
bone marrow. The V genes of the selected antibodies displayed on memory 
cells are subject to hypermutation, leading to antibodies of improved 
binding affinity after further selection with antigen. Thus repeated immun- 
ization leads to "affinity maturation" of the response (Figure 1). The 
immortalization of antigen-stimulated B cells by fusion to myeloma cells 
(1) taps the immune repertoire and has led to a wealth of rodent mono- 
clonal antibodies with predefined specificity. 

Technologies have been emerging for making antibodies in vitro by 
mimicking the selection strategies of the immune system (2-4). Repertoires 
of antibody fragments are displayed on the surface of filamentous bac- 
teriophage, each displaying a single antibody species; the phage are selected 
by binding to antigen; and finally soluble antibody fragments are secreted 
from infected bacteria (Figure 1). As in the immune system, the V genes 
can be subjected to random mutation, and mutants may be selected with 
higher binding affinities. This allows the isolation of human antibody 
fragments of defined specificity, against both foreign and self-antigens. 
The technology is evolving fast (reviewed in 5-7), and here we review 
recent progress. 

TECHNOLOGIES FOR SELECTION 
Mimicking the B Cell 

In the immune system, the B cell represents a self-replicating package 
containing the antibody genes that encode the antibody displayed at its 
surface. Phage display mimicks the B cell. Filamentous phage was first 
used to display small peptides by fusion to the minor coat protein (pill: 
probably three or five copies per phage particle; here illustrated with three 
copies) (8). Two sites of pill were used for fusion: in the flexible spacer 
between the two domains of pill (8), or close to the N-terminus (9) or at 
the N-terminus (10). The phage were enriched by binding of peptide to 
monoclonal antibody. Through growth of the enriched phage and further 
selection by binding to antibody, very rare phage could be isolated (8). 

Surprisingly, folded antibody fragments (2) and other proteins (11,12) 
can also be displayed on phage. The antibody fragments can be displayed 
as single chain Fv fragments, in which VH and VL domains are connected 
on the same polypeptide chain by a flexible polypeptide spacer (13, 14), or 
as Fab fragments, in which one chain is fused to pill and the other is 
secreted into the periplasm (2, 15-18). When antibody fragments are fused 
to the N-terminus of pill, the phage is infective (2, 15). However, if the 
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ffowe 7 Generation of antibodies by the immune system and phage technology. Steps: ( 1 ) 
rearrangement or assembly of germline V genes; (2) surface display of antibody (fragment); 
(3) antigen-driven or affinity selection; (4) affinity maturation; (5) production of soluble 
antibody (fragment). 



N-terminal domain of pill is excised and fusions made to the second 
domain, the phage is not infective, and wild type pill must be provided 
by helper phage (see below) (11, 16, 17) (Figure 2). 

The pill fusion and other proteins of the phage can be encoded entirely 
within the same phage replicon (2, 8), of on different replicons (11, 15- 
19). When two replicons are used, the pill fusion is encoded on a phagemid, 
a plasmid containing a phage origin of replication. Phagemids can be 
packaged into phage particles by "rescue" with a helper phage such as 
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Phage Phagemid Phagemid Phage(mid) 
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Figure 2 Display of antibody domains as pill and pVIH fusions using phage and phagemid 
vectors. Antibody domains are depicted as black (heavy chain, VH or VHCH1) or white 
(light chain, VL or VLCL) spheroids; the genes are marked in similar fashion. Depicted are 
pill fusion as phage (2) or phagemid (15) (18); truncated pill fusion as phagemid (16, 17); 
pVIII fusion as phage (28, 30) or phagemid (27, 29). Only infectious phage particles displaying 
antibody domains are shown. 

M 1 3K07 that provides all the phage proteins, including pill, but due to a 
defective origin is itself poorly packaged in competition with the phagemids 

(20). t . _ 

The pill fusion is often proteolysed, as shown by gel electrophoresis of 
the phage proteins and detection with anti-pill antisera (J McCafferty, 
unpublished data). This is expected to give a population of phage particles, 
each displaying zero, one, two, three (and perhaps four and five) antibody 
fragments. The average valency of the population is further reduced by 
use of helper phage, in which the helper pill competes for incorporation 
into the phage particle. Such phage have been estimated on average to 
display less than a single fusion protein per particle; they have been termed 
"monovalent" phage (17, 21). Other helper phages (M13AgIII) that lack 
pill have been designed to rescue phage particles that incorporate only 
the pill fusion from the phagemid; these are therefore multivalent (22). 
Use of different helpers can thereby alter the valency of the phages. 

The major coat protein of the phage (pVIII: 3000 copies per phage 
particle) can also be used to display peptides (23-26) and antibody frag- 
ments (27-30). Pentapeptides (23, 24) and hexapeptides (25) were fused 
close to the N-terminus of pVIII, but phage encoding longer peptides 
were not viable unless wild type pVIII was provided (25, 26). The phage 
population is multivalent. With helper pVIII, up to about 900 peptides 
(25) and 24 antibody fragments (27) are incorporated per phage particle. 
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Fusions to pill rather than pVUI have to date been preferred for antibody 
display. 

Mimicking Immune Selection 

In the immune system, encounter with antigen involves triggering the B 
cell through its receptor, and proliferation and differentiation to produce 
plasma cells that secrete antibody (reviewed in 31). The process appears 
capable of selecting one or more B cells from repertoires of < 5 x 10 8 cells 
in mice and < 10 12 cells in humans (for review, see 32). Furthermore the 
immune system is able to selectively enrich for B cells displaying antibodies 
with slightly improved binding affinities, allowing affinities to be built up 
in a step-wise manner through rounds of mutation and selection (33). 

Phage selection appears to be at least as powerful as immune selection. 
Phage displaying small peptides can be selected by direct binding to solid 
phase antibody (8), and also by binding to a biotinylated antibody in 
solution, which is then captured onto solid phase streptavidin (9). Likewise 
phages displaying antibodies can be selected by binding to antigen coated 
plates (16, 34), column matrices (2), cells (35), or to biotinylated antigen 
in solution followed by capture (36). The phages bound to the solid phase 
are washed and then eluted by soluble hapten (37), acid (16) or alkali (34). 
Phages can be enriched 20-1000 fold by a single round of selection (2, 17, 
34). Moreover, the enriched phages can be grown in bacterial culture and 
subjected to further rounds of selection. In this way, enrichment factors 
of only 50-fold in each round can build up to lO^-fold enrichments over 
four rounds of selection (34). 

selection efficiency The efficiency of selection is likely to depend on 
many factors, including the kinetics of dissociation during washing, and 
whether multiple antibody fragments on a single phage can simultaneously 
engage with (solid phase) antigen. For example, antibodies with fast dis- 
sociation kinetics (and weak binding affinities) should be retained by use 
of short washes, multivalent display and a high coating density of antigen 
at the solid phase. The high density should not only stabilize the phage 
through multivalent interactions, but favor rebinding of phage that has 
dissociated. Nevertheless, it appears that binding affinities (for a single 
antibody fragment) of 10 5 M -1 are barely sufficient to hold multivalent 
phage to solid phase (37). 

Conversely the selection of antibodies with slow dissociation kinetics 
(and good binding affinities) should be promoted by use of long washes 
(1 1), monovalent phages (1 1), and a low coating density of antigen (38). 
In principle, phages with very high affinities (>10 ,0 M" 1 ) should be difficult 
to elute, but a change in pH may suffice to dissociate the complex (21, 39); 
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the phage also survive 5M guanidine hydrochloride (M Figini, unpublished 
data). 

discrimination In immune selection, the virgin B cells displaying anti- 
bodies with (unwanted) self-specificities are deleted or rendered anergic 
(40). With phage, it has proved more difficult to deplete the repertoire, for 
example by preabsorption, as it is difficult to capture all the phage that 
can bind, and many of the phages are "bald," lacking antibody fragments 
due to proteolysis. Nevertheless, preabsorption (on red blood cells lacking 
the blood group E antigen) was used for isolation of phage specificities 
against the blood group E antigen (35). 

As with immune selection, it is also possible to select between phage 
antibodies of different affinities (37), even with affinities that differ slightly 
(36). In the later immune response, B cells are thought to compete for 
limiting antigen in the germinal centres (for review, see 41). Likewise in 
selection of peptide phages with biotinylated antibody (9), limiting anti- 
body was used to promote competition between the phages (42). 

However, random mutation of a selected antibody is likely to give rise 
to many mutants, most binding to antigen, and a few with higher affinity. 
With limiting antigen, rare high affinity phage could be competed out. To 
retain all the higher affinity mutants, phages can be incubated with excess 
soluble biotinylated antigen, but with the antigen at a lower concentration 
than the target affinity constant. The phages are then captured by strep- 
tavidin-coated paramagnetic beads. Such "equilibrium capture" allows 
the antibodies to be selected according to their affinities of binding, pro- 
vided no two antibody fragments on the same phage bind to the same 
molecule of antigen. Using this technique, mutant phage antibodies have 
been selected from a great excess of phages with two- to four-fold lower 
affinities over many rounds of selection (36, 112). 

Discrimination can be enhanced by taking advantage of dissociation 
kinetics. Thus for two phages dissociating from antigen with slightly 
different kinetics, the discrimination should increase with time due to 
the exponential nature of the decay. Indeed this was demonstrated by 
dissociation of phages from biotinylated antigen in solution (36). Using 
such kinetic selection, even mutant antibodies with a two-fold higher 
affinity could be selected from a great excess of phages with lower affinity 
(112). Washing of phages bound to a solid phase should also discriminate 
by dissociation kinetics. 

Discrimination may be compromised by multivalent interactions (10, 
1 1, 16, 21), but this will depend on the affinities, kinetics, and the selection 
process. Multiple interactions increase the avidity of phage binding, and 
slight differences in affinity between two antibodies should in fact give 
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rise to greater differences in avidity between the two phages, potentially 
enhancing discrimination. However, if the avidities became so strong that 
both phages bound very tightly to the solid phase antigen, discrimination 
would be lost, especially with low stringency washes. 

Mimicking the Plasma Cell 

Antibody fragments can be characterized and used as free soluble frag- 
ments or as phage. Binding can be detected by ELISA using antisera 
against the phage (2); the affinity of binding can be measured with soluble 
radioactive antigen (17); and dissociation kinetics by loss of phage from 
its complex with biotinylated antigen (36, 112). Furthermore, phages dis- 
playing antibody fragments can be used as reagents in Western blots, and 
for fluorescence staining of cells (A Nissim, unpublished data). 

Phagemid vectors can also be engineered for display or for secretion of 
free antibody fragments from infected bacteria. By incorporating an amber 
stop codon between the fragment and pill, the antibody fragments are 
fused to pill and displayed when the amber codon is suppressed, and 
secreted when it is not (15). The growth of phage in suppressor and 
nonsuppressor bacteria therefore mimics respectively the surface display 
of antibodies on B cells, and the production of fragments from plasma 
cells (Figure 3). The same approach was used for display and secretion of 
human growth hormone (21). Less conveniently, the V genes encoding 
antibody fragments can be recloned for secretion (16, 37). 
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Figure 3 Mimicking the plasma cell. Phagemid pHENl (15) allows antibody domains to 
be displayed on phage after rescue with helper phage from an E. coli suppressor strain, or 
the domains to be secreted as (tagged) soluble fragments from non-suppressor strains. 
AMP — ampicillin resistance gene, L - leader peptide sequence, tag - c-myc peptide 
sequence. 
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Antibody fragments can be secreted from bacteria with yields ranging 
from 0.2-2 mg/1 fragments in shaker flasks (4J-45), or > 500 mg/l in 
fermenters (46); and they can be harvested from the culture supernatant 
(44) or the periplasm (43). Protein A has been used to purify antibody 
fragments of the human VHIII family (47), and protein G to purify Fab 
fragments by binding to the CHI domain (48), Engineered C- or N- 
terminal peptide tags that bind to monoclonal antibodies (49, 50) or to 
streptavidin (51) have also been used for both purification and detection 
of antibody fragments, but hexahistidine tags binding to immobilized 
metal chelate groups (52) seem particularly valuable for purification (53). 

Antibody fragments can be characterized on a solid phase or in solution. 
Attempts have been made to measure binding affinities by competition 
ELISA (54), but the method is only qualitative (55) and may be more 
suitable for ranking of binding affinities. Even so this assumes no aggre- 
gation or dimerization. Thus, the reported in vitro affinity maturation of 
antibody fragments (56) could have been due to dimerization of the scFv 
fragments' (57, 58). A more rigorous ELISA method (59) based on equi- 
librium capture would have been more suitable (55). Antibody fragments 
have also been characterized by binding to an antigen-coated surface by 
surface plasmon resonance (38, 57, 60). However, account needs to be 
taken of the fraction of active antibody (for determination of association 
rates), and of dimerization and of rebinding to the highly coated surface 
(for determination of dissociation rates) (61). For measurement of affinities 
in solution, the use of fluorescence quench titrations is often suitable for 
haptens (37, 62), but it is more difficult for protein antigens unless there is 
a large quench on binding (63). 

TECHNOLOGIES FOR MAKING V-GENE 
REPERTOIRES 

Diversity of Antibody Sequences and Structure 
In the immune system the sequence diversity of antibody binding sites is 
not encoded directly in the germline but is assembled in a combinatorial 
manner from V gene segments. In human heavy chains, the first two 
hypervariable loops (H I and H2) are drawn from < 50 VH gene segments 
(64), which are combined with D segments and JH segments (65) to create 
the third hypervariable loop (H3). This loop is exceptionally variable in 
sequence and length (2-26 residues) (66); because the joining of the seg- 
ments is imprecise, different reading frames of the D segment may be used, 
nucleotides can be inserted and deleted at the junctions, and the D segments 
can recombine as D-D fusions (67). 
In human light chains, the first two hypervariable loops (LI and L2) 
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and much of the third (L3) are drawn from probably <30 VA (68) and 
<30 Vk gene segments (JPL Cox, IM Tomlinson, unpublished data). 
These segments are combined with JA and Jk segments to complete the 
third hypervariable loop (L3). This loop has limited variability. It ranges 
in size from 7 to 11 residues in A light chains (69) and is most commonly 
6 residues in k light chains (70) but can vary between 5 and 8 residues (71). 
Thus, most of the sequence diversity (and structural diversity— see below) 
is encoded by the heavy chains. 

Despite the immense sequence diversity, most of the loop conformations 
of antibody binding sites are relatively conserved (72-74). Implicit in the 
sequences of the VH germline segments are three major conformations for 
the HI loop and five for the H2 loop. In combination they provide seven 
different folds (74). By contrast, the H3 loop of the rearranged heavy 
chains is likely to provide a huge range of structures. Implicit in the 
sequences of the VA segments are at least three major conformations for 
the LI loop and at least two for the L2 loop (68). In the Vk segments, 
there are probably four major conformations for the LI loop and one for 
the L2 loop; in combination these provide four different folds (JPL Cox, 
IM Tomlinson, unpublished data). The combinations of different loops, 
decorated with side chains, create a wealth of binding sites ranging from 
flat surfaces (75) to pockets (76). 

The potential diversity of different sequences in the primary immune 
repertoire is far greater than the number of B cells at any time. However, 
some sequences may not fold, and others may produce identical loop 
conformations: the repertoire of binding site structures is likely therefore 
to be much smaller than the sequence repertoire. Presumably the V gene 
segments and their representation in the expressed antibody repertoire 
reflect the efforts of the immune system over evolution to encode a diverse 
structural repertoire with a limited number of B cells. For phage reper- 
toires, the V gene segments appear therefore to be suitable building blocks 
for making a diverse repertoire of structures. 

Repertoires of VH and VL genes 

The use of the polymerase chain reaction, with primers matching the 5' 
and 3' ends of rearranged VH and VL genes, provided the means to 
amplify, clone, and express V genes from lymphocytes (77), thereby making 
diverse V gene repertoires for expression (Figure 4). The V genes may be 
amplified from both cDNA and genomic DN A, with back primers at the 
5' end of the exon encoding the mature V-domain and forward primers 
based within the J-segment (49, 77). However, for amplifying from cDNA, 
"back" primers have also been based in the leader exon (79), and forward 
primers within the constant region (78). To maximize complementarity, 
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degeneracy was incorporated into the primers (77, 78), or different primers 
were designed for different families of V genes (80). For cloning of the 
amplified DNA into expression vectors, rare restriction sites were intro- 
duced within the PCR primer (77), as a "tag" at one end, or by further 
PGR amplification with a tagged primer (37). "Primary" repertoires of V 
genes harvested from a lymphocyte population are likely to contain 
somatic mutations, although most published human VH and Vk gene 
sequences encode few (<5) amino acid substitutions (64; JPL Cox, IM 
Tomlinson, unpublished data). 

Repertoires of "synthetic" rearranged V genes have also been derived 
in vitro from V gene segments (Figure 4). Most of the human VH-gene 
segments have now been cloned, sequenced (64), and mapped (81); these 
cloned segments (including all the major conformations of the H 1 and H2 
loop) have been used to generate diverse VH gene repertoires with PCR 
primers encoding H3 loops of diverse sequence and length (47; A Nissim, 
unpublished data). VH repertoires have also been made with all the 
sequence diversity focussed in a long H3 loop of a single length (82). 
Human Vk and V>t segments have been cloned and sequenced (68; JPL 
Cox, IM Tomlinson, unpublished) and are therefore available for making 
synthetic light chain repertoires. Synthetic V gene repertoires, based on a 
range of VH and VL folds, and L3 and H3 lengths, should encode anti- 
bodies of considerable structural diversity. 

Combining VH and VL Gene Repertoires 

Most of the structural diversity of antibody binding sites appears to be 
contributed by heavy rather than light chains (see above). Indeed, heavy 

Germ-line VH Rearranged 
segments VH genes 




Synthetic V-gene 

repertoires from VH l 2^^£ m 
segments B-fymphocytes 

Figure 4 Generation of V gene repertoires. The location of the primers for PCR ampli- 
fication of V gene repertoires from segments (47) or from rearranged V genes (34, 37) are 
indicated. 
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chains and VH domains (49) have been found with binding activities in 
the absence of the light chain. Furthermore in camels, two of the heavy 
chain isotypes lack the CHI domain and do not appear to associate with 
light chains (83). However, the structures of complexes of antibody and 
antigen indicate that usually both domains make important interactions 
(75, 84-86). Presumably the role of VL domains is to add structural 
diversity, for example, in helping to make binding clefts, and to create a 
larger surface of interaction with antigen. Both features should enhance 
the probability of finding an antibody that binds to antigen with good 
affinity. 

Repertoires of antibody fragments have been constructed by combining 
VH and VL gene repertoires together in several ways (Figure 5). Each 
repertoire can be created in different vectors, and the vectors recombined 
in vitro (87) or in vivo (88); alternatively, the repertoires may be cloned 
sequentially into the same vector (16) or assembled together by PGR and 
then cloned (37). A technique of "in-cell PCR assembly" has also been 
described for combining the VH and VL genes within the lymphocyte by 
PCR, and then cloning the repertoires oflinked genes (89). Repertoires of 
VH domains have also been combined with a single VL gene (47, 82). The 
route by which repertoires are combined can dictate the structural diversity 
and repertoire size. For example, combining VH and VL repertoires in 
vivo, by combinatorial infection (88) (see below), should allow the creation 
of libraries of > 10 12 different VH/VL combinations. 

ANTIBODIES MADE FROM PHAGE DISPLAY 

Taking Advantage of Immunization 

Immunization leads to an increase in the number of cells making an 
immune response, but especially in the levels of mRNA. Resting B cells 
make about 100 copies of Ig mRNA per cell, whereas a hybridoma (and 
also presumably a plasma cell) makes about 30,000 copies (90). Spleen, 
lymph nodes, tonsils, and bone marrow (but not peripheral blood lym- 
phocytes) provide a rich source of plasma cells and Ig mRNA. Repertoires 
of VH or VL genes amplified from the mRNA of spleen cells of an 
immunized mouse are therefore greatly enriched in V genes encoding part 
of an antigen binding site (91). 

In random combinatorial libraries (48), the VH and VL gene repertoires 
are combined at random, and the original combinations of the immune 
lymphocyte are destroyed. Nevertheless, if the V gene repertoires are 
derived from the mRNA of lymphocytes after immunization, antigen 
binding fragments are created at low frequency, at best < 1/S00 (92), and 
more usually < 1/5000 (93, 94). The power of phage selection allows 
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figure 5 Linking the V genes together. (A) PCR assembly allows a one-step cloning of 
heavy (H) and light (L) DNA in scrambled pairings (34, 37), or original pairings if "in-cell" 
(89). Alternatively (B, C, D) heavy (H) and light (L) chain DNA is cloned separately and 
combined by in vitro recombination (B) (87), or combinatorial infection (D) (88), or cloned 
sequentially (C)(16). 

many of these fragments to be isolated and characterized. For example, a 
repertoire of antibody fragments was assembled for phage display from 
the mRNA of mouse splenocytes after immunization with the hapten 
phenyloxazolone (phOx). The VH and W genes encoding a range of 
fragments were found to be similar to those of hybridomas of the phOx 
response, but in general the pairings were not (37, 95). 

Furthermore, as suggested by X phage combinatorial libraries (93, 94), 
the pairings were promiscuous, that is, the same light chain could be found 
with different heavy chains, and vice versa. By "shuffling" a promiscuous 
heavy chain with the repertoire of light chains, a further range of partners 
were found for binding to phOx (37). Combinatorial repertoires from 
immunized sources therefore appear to be dominated by "artificial" 
pairings, as predicted (4). Although original pairings are likely to be present 
in large random combinatorial libraries, it is impossible to distinguish 
original from artificial pairings. However, it may be possible to determine 
these pairings by first linking the VH and VL genes within the lymphocyte 
(89) 

Nevertheless, the artificial pairings from phage display libraries and, 
enriched by immunization, can provide antibody fragments with good 
affinities. For example, an antibody fragment isolated from the phOx 
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response (as above) had a binding affinity of 10 8 M~ l for hapten, with 
every prospect that higher affinity antibodies were present in the repertoire 
(37). This compares with typical affinities of 10 8 NT 1 for secondary phOx 
antibodies from hybridomas (62, 96), and with affinities of 7.5 xlO 6 - 
4 x 10 8 NT 1 for hybridomas isolated from the same immunized spleen (95). 

Antibody fragments have also been isolated from immunized humans 
with binding activities against several viral antigens, for example, HIV 
gpl20 (54, 97, 98), respiratory syncytial virus (RSV) (99), and hepatitis B 
virus (100). The fragments against HIV and RSV were capable of neu- 
tralizing virus infection (97, 99). Furthermore, specificities against herpes 
simplex virus, human cytomegalovirus, varicella zoster virus, rubella, RSV, 
and HIV were derived from the same V gene repertoire from a patient 
immune to these pathogens (101). Extensive chain promiscuity has also 
been seen for human antibody fragments derived from combinatorial 
libraries directed against HIV gp 120: it was argued that the heavy chains 
must have arisen from antigen-specific clones in vivo (98). 

By-Passing Immunization 

As the display and selection of antibodies on phage mimicks immune 
selection, it should be possible to isolate antibody fragments of any 
required specificity directly from a single phage repertoire of sufficient size 
and diversity. Importantly, it should provide antibody specificities directed 
against self-antigens that are difficult to raise by immunization, owing to 
tolerance mechanisms. 

natural repertoires A diverse source of rearranged V genes was pro- 
vided by human peripheral blood lymphocytes (PBLs), using "family- 
based" PCR primers to amplify each of the human VH, Vk, and VA 
families (80). The repertoires of VH and VL genes were combined at 
random, as this should destroy the original combinations and specificities 
of the PBLs and generate new specificities (34). 

From this library, it was possible to isolate phage with binding activities 
against many different antigens. For example, antibodies were isolated 
against the foreign antigens bovine serum albumin (BSA), turkey egg 
lysozyme, the hapten phOx (34), and bovine thyroglobulin (57), and 
against the human self-antigens tumor necrosis factor a (TNFa), thyro- 
globulin, a monoclonal antibody, carcinoembryonic antigen (CEA), mucin 
and CD4 (57). Antibody fragments against the monoclonal antibody 
mapped to both variable and constant regions (57). Antibodies were also 
isolated against the human blood group antigens of the ABO and I blood 
group systems (B and HI), of the Rh system (D and E), and of the 
Kell system (Kpb) (35). For the anti-blood groups, the selections were 
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undertaken by binding the phage to red blood cells; the anti-E phage was 
only selected after first preabsorbing the phage library with red cells lacking 
this antigen. 

The antibodies from the library were shown to be highly specific by 
screening for binding to a panel of other antigens (34, 57). Specificity was 
also demonstrated by the staining of kidney sections with the anti-B: the 
only cells stained were the endothelial cells bearing the blood group B 
antigen (35). The affinities of the antibodies were typical of a primary 
immune response, in the range 10 s Ivr'-lO 7 M" 1 , but dimerization of the 
scFv fragments led to improved avidities (57). Antibody fragments were 
also derived from V genes prepared from unimmunized rodent bone 
marrow. However, the library was selected only against the hapten pro- 
gesterone, the binding affinities were poor (apparently 10M0 5 M~' by 
competition ELISA), and the fragments cross-reacted with another protein 

(56). . t 

Although a range of anti-self specificities can be derived from a "single 
pot" library from "natural" rearranged V genes, it is impossible to prove 
that one or another of the antibody chains was not derived from B cells 
with self-specificity. Moreover, in most cases the sequences of both chains 
were somatically mutated, suggesting that the chains were derived from 
an antigen-driven process (35, 57); indeed and for the anti-blood group B 
specificities, anti-B could be detected in the donor antiserum (35). 

synthetic repertoires Synthetic V gene repertoires can also be built 
from cloned human VH-gene segments. A repertoire (2 x 10 7 clones) was 
first constructed using a short H3 loop of five or eight random residues 
with each of 49 segments, and combined with a fixed light chain. Antibodies 
of high specificity were selected against two haptens, phOx and NIP (with 
affinities of up to 10* M~*) and human TNF-a, but not against three other 
(protein) antigens (47). However, by adding a range of H3 loops of different 
lengths, up to 12 residues, a single library was created from which a range 
of more than 20 binding specificities could be selected, including against 
haptens; the foreign antigens lysozyme, keyhole limpet haemocyanin, 
streptavidin, and immunoglobulin binding protein (BIP); and the self- 
antigens the oncogene protein rhombotin and the tumor suppressor pro- 
tein p53. The epitope of an antibody binding to p53 was mapped and 
found to be new. The antibodies appeared to be specific and could be used 
as reagents for immunofluorescence staining of p53 in the nuclei of cells, 
and for Western blotting of cell lysates for BIP (A Nissim, unpublished). 
This also illustrates that antibodies can be made against intracellular 
antigens, and in particular those of the lumen of the endoplasmic reticulum. 
Other synthetic libraries have been built from the framework of a single 
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antibody. By randomizing the H3 loop a single binding specificity was 
selected against FITC (affinity 10 7 M~') (82); by randomizing the sequences 
of the LI, L3, H2, and H3 loops, a single binding specificity was selected 
against insulin-like growth factor (but not against CD4 or tissue plas- 
minogen activator) (102). There clearly has to be sufficient structural 
diversity to make a working "single-pot*' library. 

MAKING HIGH AFFINITY ANTIBODIES 
Mutation 

For most purposes, antibodies must bind their antigen tightly. In the 
immune system, strong binding can be built from multiple weak inter- 
actions, as illustrated by the interactions of IgM with multivalent antigens 
such as virus. However, the higher affinity antibodies are made after 
repeated rounds of immunization, arising either as mutants of a primary 
response antibody, or as entirely new antibodies (repertoire: such anti- 
bodies may arise by somatic mutation of very low affinity antibodies 
(96). The increase in binding affinity of primary response antibodies is 
sometimes modest, with anti-NP hybridomas showing a five-fold improve- 
ment in affinity (103), or large, with anti-phOx hybridomas showing 
improvements of 100-fold (62). Site-directed mutagenesis of an anti-p- 
a20phenylarsonate antibody also suggests that somatic mutation at a few 
sites can together contribute factors of > 200 to binding affinity (104). 

In phages, antibody fragments can be designed with higher binding 
avidities, for example, as single chain dimers (57) or "diabodies" (58). 
Presumably other multimeric fragments could be designed to mimic IgM. 
Furthermore, mutation can be introduced at random in vitro (36, 56) by 
using error prone polymerase (105), or in vivo by use of mutator strains 
of bacteria (106, 107), and the phage can be selected for higher affinities. 
However, the affinities of antibody fragments against a hapten and a 
protein antigen could be improved only a modest four-fold to 10* M7 
and 10 9 M" 1 , respectively, using a single round of random mutation 
followed by multiple rounds of selection (36; RE Hawkins, SJ Russell, 
unpublished data). To make higher affinity mutants, it might be desirable 
to increase the frequency of random mutation or to combine rounds of 
mutation and selection, for example, by growing phage in bacterial mut- 
ator strains. Alternatively, it might be desirable to start with lower affinity 
antibodies (as may occur in repertoire shift), in the event that a higher 
affinity binding site is trapped at a local optimum and incapable of further 
affinity maturation (108). 

Phage display appears to have potential advantages over the immune 
system for the creation of secondary (mutated) repertoires. Firstly, the size 
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of the secondary repertoires can be much larger than in immune systems. 
Secondly, random mutation can be focussed to the antigen binding loops 
or outside, for example, at framework residues that influence loop con- 
formation (63). Indeed, mutations outside the contact surface with antigen 
can often have profound effects on binding affinity (104, 109, 1 12). 

Chain Shuffling 

In the immune system, somatic mutation of a selected pair of VH and VL 
domains appears to be the only mechanism for making structural variation 
of a selected antigen binding site. However, random combinatorial rep- 
ertoires contain immense untapped diversity that can be mobilteed by 
chain shuffling. 

Chain shuffling was first used to analyze the promiscuity of VH and VL 
pairings in repertoires from immunized mice (37, 110). It was then used 
for the affinity maturation of a human antibody fragment (affinity 3 x 10 6 
M~ l ) for phOx isolated from a V gene repertoire. The VH gene was paired 
with VL genes from the original repertoire, and the new (light chain 
shuffled) repertoire was displayed on phage. A light chain partner was 
isolated that conferred improved binding affinity (6 x 10 7 M~ ! ). Likewise 
the new VL gene was paired with the original repertoire of VH genes, (but 
now combined with the H3 loop of the original VH gene), and after 
selection a fragment was isolated with a further improved affinity (10 9 
M~ Indeed the affinities of the original and shuffled fragments are similar 
to those of mouse hybridomas of the primary and later responses to the 
same hapten. 

In the high affinity fragment, both domains were derived from the same 
germline VH and VL genes as the parent, but with different patterns of 
mutations. The 20-residue changes suggest that large changes in affinity 
(500-fold here) might require many random mutations (38). 

Chain shuffling can therefore be used to tap the somatically mutated V 
genes and make higher affinity binding sites. However, chain shuffling can 
also be used for more extensive diversification. For example, the heavy 
and light chains of mouse monoclonal antibodies against the hapten phOx 
(M Figini, unpublished) and human TNFa (H Hoogenboom, L Jespers, 
unpublished data) were sequentially replaced to create entirely human 
antibodies of the same specificity, a process termed epitope imprinted 
selection. 

Large Repertoires 

Theoretical studies have suggested, not surprisingly, that the larger the 
library, the greater the chance of finding antibodies that bind to any given 
epitope, and the higher the- affinity (1 1 1). However, the limiting factor in 
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making large primary libraries is the efficiency of introduction of plasmid' 
or phage DNA into bacteria. In practice, this limits the library size to 
10M0 9 clones, even, taking advantage of X phage vectors with excisable 
filamentous phage replicons (87). 

In principle, a simple way of increasing library size would be to generate 
more of the possible chain combinations. This has prompted a new 
approach— combinatorial infection (88). For example, if 10 5 different light 
chains were cloned for display as a Fab-pIII fusion in a phage vector, and 
then the phage used to infect >10 12 bacteria harboring a library of 10 7 
different heavy chains in a plasmid, this could create 10 12 possible Fab 
fragments (15). If the two chains were recombined efficiently in vivo onto 
the same phage replicon by use of loxP sites (88), this would create a phage 
library with huge diversity. Indeed, it appears that such huge "teraphage" 
libraries can be created (88; AD Griffiths, P Waterhouse, unpublished), 
and this should allow high affinity antibodies to be isolated directly and 
indeed might also facilitate any chain shuffling required for further affinity 
improvements. 

CONCLUSION 

Phage display should facilitate the construction of human antibodies of 
therapeutic value and of research reagents. Libraries have been constructed 
that take advantage of immunization, or by-pass it, leading to antibodies 
with good binding affinities (10 8 -10 9 rVT 1 ) and high specificity against 
foreign and self-antigens. Targets have included viral coat proteins, BIP 
from the lumen of the endoplasmic reticulum, and surface markers of 
lymphocytes (T ceil receptor and CD4), tumor ceils (CEA and mucin) and 
red blood cells (B, D, E, I and Kell). The antibodies have been used to 
neutralize virus, to stain cells, and for Western blots. 

There is clearly a future for "single pot" libraries, as the same library 
can be selected with a range of different antigens, and without the need 
for immunization of animals. The affinities of the antibodies isolated 
should improve as new technologies are used to increase the size and 
diversity of libraries. Indeed, the availability of the cloned human VH, Vk, 
and VA gene segments, and knowledge about the structures they encode, 
should allow the design of maximum structural diversity in primary rep- 
ertoires. It should also allow the creation of premutated genes for use in 
making secondary repertoires, in which mutations are focussed at the 
antigen contacts or at sites likely to modulate the contacts. 

There may also be a future for "designer" libraries. As the potential 
antibody diversity is probably too large to be tapped in a single phage 
library, it may be advantageous to build libraries that are shaped for 
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complementarity to a defined antigen. As phage display can not only 
exploit the principles of immune selection, but also cannibalize and 
improve on the antibody building blocks, it should increasingly be capable 
of outperforming natural immune systems in making antibodies. 
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